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Abstract
The focus of this thesis is to synthesize, characterize and investigate the properties 
of [2]rotaxanes and [3]rotaxanes for the purposes of developing molecular level 
machines. In the first part of the thesis the coordination chemistry of the [2]rotaxane 1,2- 
bis(4,4'-dipyridinium)ethane/dibenzo-24-crown-8 is investigated. The production of 
zwitterionic and dizwitterionic [2 ]rotaxanes produced upon capping with an anionic 
metal complex is described. The complexes are studied in solution using UV/vis 
spectroscopy and characterized by X-ray crystallography. The same system, l,2-bis(4,4'- 
dipyridinium)ethane/dibenzo-24-crown-8, is then used for the development of 1- and 2- 
dimensional infinite networks. The networks are characterized by X-ray crystallography 
and their stability is studied using thermogravimetric analysis.
The second part of the thesis focuses on a new class of [2]rotaxanes in which a 
chelating group has been incorporated into the cationic thread portion. The chelating 
group is sufficiently bulky making it an adequate stopper. This allows for the 
incorporation of metal ions in competitive solvents and at high temperature without 
compromising the integrity of the [2]rotaxanes. The use of a 2,2', 6',2"-terpyridine unit as 
the chelating group allowed for investigation of homoleptic iron(II) and heteroleptic 
ruthenium(II) complexes. The synthesis and characterization of all species using NMR 
spectroscopy, UV/vis spectroscopy, mass spectrometry and X-ray crystallography are 
described.
The final part of this thesis introduces the new concept of flip  switching using the 
l,2-bis(4,4'-dipyridinium)ethane/dibenzo-24-crown-8 motif. The synthesis of two model
compounds, one with a square planar geometry the other with an octahedral arrangement,
iv
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is described. These complexes were characterized using standard techniques and 
investigated for 'flipping' at low temperature using *11 NMR spectroscopy. The result of 
the model complexes lead to the development of a molecular level machine, in which, the 
flipping can be controlled by the geometry of the metal centre and monitored at room 
temperature using !H NMR spectroscopy.
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Originating from a combination of Paul Ehrlich's concept of a receptor, Alfred 
Werner's coordination chemistry and Emil Fischer's lock and key, the area of 
supramolecular chemistry has developed rapidly over the last three decades. In the early 
1970's, fundamental concepts such as self-assembly, molecular recognition and 
preorganization were introduced. As a result, the Nobel Prize was awarded to Pedersen1 
Cram2 and Lehn3 in 1987 for their pioneering work on crown ethers, spherands and 
cryptands, respectively. Soon after, Lehn gave supramolecular chemistry a lasting 
definition describing it as:4
"the chemistry beyond the molecule, bearing on organized entities o f higher complexity 
that result from the association o f two or more chemical species held together by
intermolecular forces "
The intermolecular forces or non-covalent interactions, that hold supramolecular 
species together, are generally much weaker than covalent bonds. Some of the more 
common interactions are illustrated in Figure 1.1, along with their relative strengths.5 
Metallosupramolecular chemistry, a branch of supramolecular chemistry, is concerned 
with the use of metal-ligand interactions to aid in the assembly of more complex species.
1
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Figure 1.1 Examples of supramolecular interactions (typical energies).
For example, Lehn and co-workers have shown that metal ions can be used to direct 
organic ligands to assemble into helices and grids; complexes that are otherwise difficult 
to synthesize.6 Figure 1.2 illustrates an elegant example of a helix, 1, self-assembled from 
two ligands, each containing four 2 ,2 '-bipyridine units connected by ether linkages and 
four metal centres.
Figure 1.2 An example of a self assembled helix.
2
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1.2 Interpenetrated and Interlocked Compounds
Since the emergence of supramolecular chemistry, much attention has been paid 
to the chemistry of interpenetrated compounds such as pseudorotaxanes, as well as,
7 8 •interlocked compounds mainly rotaxanes and catenanes ' . In particular, considerable 
efforts are continuing to be made to investigate and develop their potential uses as 
molecular level machines for incorporation into nano-scaled devices.
1.2.1 Pseudorotaxanes
Pseudorotaxanes are supramolecular species in which a linear thread is interpenetrated 
through a bead, as shown in Figure 1.3, as a direct result of non-covalent interactions
Bead Thread [2]pseudorotaxane







Figure 1.4 Copper(I) template, 2, (left) and a secondary ammonium salt template, 3, (right) used to 
generate [2]pseudorotaxanes utilized by Sauvage and Stoddart, respectively.
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between the two components. These interaction range from coordination around a metal 
centre as shown by Sauvage and co-workers, 2, to hydrogen bonding of secondary 
ammonium salts to crown ether as described by Stoddart and co-workers, 39. Examples of 
these two systems are illustrated in Figure 1.4. Other systems have exploited hydrophobic 
interactions as well as charge transfer complexes.10
1.2.2 Rotaxanes
Rotaxanes are supramolecular species consisting of a linear thread interpenetrated 
through a bead(s) and held in place by stoppers. The stoppers, located at the ends of the 
thread, are sufficiently bulky so as to impede the bead from sliding off the thread. The
O - 0 H J  o ^ e o  O 0 0 0 O
[2]Rotaxane [3]Rotaxane [4]Rotaxane
Figure 1.5 Schematic illustration of various [«]rotaxanes.
bead itself is held in place around the dumbbell shaped linear component as a result of 
non-covalent interactions between the bead and thread. The resulting species are typically 
written as [n]rotaxane where the n denotes the number of components. Both the thread 
and bead each count as one, therefore a [2]rotaxane is the smallest unit possible. 
Increasing the number of beads around the thread, as a consequence, increases n. In 
general a rotaxane will consist of one thread and n-1 beads. A variety of examples are 
shown schematically in Figure 1.5. There are three types of synthetic strategies for the 
formation of rotaxanes (1) threading, (2) clipping and (3) slippage (see Figure 1.6). In the 
threading approach, an equilibrium is setup between the thread and the bead resulting in
4
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the formation of a [2]pseudorotaxane. Once equilibrium is achieved, stoppers are added 
and a kinetically trapped [2]rotaxane is formed. The clipping approach involves a system 
in which the stoppers are already attached to the thread, and the bead is formed around 
the thread using a chemical reaction. Finally, the slippage approach involves the use of 
stoppering groups of an appropriate size as to allow the bead to slip over them at elevated 
temperature but not at room temperature, resulting in a thermodynamically trapped 
[2 ]rotaxane.
Figure 1.6 The three synthetic approaches for the generation of rotaxanes.
The incorporation of metal centres into rotaxanes has proven to be a valuable tool 
in the construction of these species. Sauvage and co-workers have shown that the 
formation of a [2]rotaxane can be templated by a copper(I) metal centre. For example, 
they used a thread containing a 1,10-phenanthroline flanked at both ends by 2 ,2 ':6 ',2 "- 
terpyridine units.11 The bead consists of a 2,9-diphenyl-1,10-phenanthroline group 
cyclized with a polyether chain. The addition of the copper(I) template results in the 
formation of a [2]pseudorotaxane, 4, between the thread and the bead as a result of metal 
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phenanthroline complex and the perpendicular orientation this provides for the two ring 
system. The thread is then stoppered at both ends by the addition of 
[Ru(terpy)(acetone)3]2+ to give the [2]rotaxane 5, illustrated in Figure 1.7. Other metal
N— N=r
s = acetone
M „ Ru— N. t—” 
; / > = < “
N—  R U_ N
“ > = N '\  )
Me Me Me Me
54
Figure 1.7 An example of the formation of a [2]rotaxane using a copper(I) template approach.
centres have also been used as stoppers, coordinating to an external donor at both ends of 
the thread.1217 For example, Macartney and co-workers have reported several 
[2]rotaxanes utilizing [Fe(CN)5]3' as stoppering units.18 An example is shown in Figure 
1.8. In this system, a bis-4,4'-bipyridinium based thread is used, varying the length of the 
aliphatic chain that connects one to the other, while leaving a 4-pyridyl unit at each end. 
The bead is a a-cyclodextrin, while the stoppers are produced from [FefCNhOFF]3', a 
labile metal complex; all self-assembled to form [2 ]rotaxane 6.
6
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6  U  = a-cyclodextrin
Figure 1.8 A simple example from Macartney and co-worker in which a bulky metal complex is used to 
stopper the formation of a [2]rotaxane.
1.2.3 Catenanes
Catenanes are supramolecular species consisting of two or more interlocked rings. 
The rings are held together by a mechanical link, much like a chain link, and are 
chemically independent. Like rotaxanes, catenanes require the breaking of a covalent 
bond in order to separate the two components. Like rotaxanes, catenanes are also named 
for the number of components in the system indicated by a [n] preceding the name. For
[2]Catenane [3]Catenane [4]Catenane
Figure 1.9 Schematic illustration of various [njcatenanes.
example, if two rings are interlocked they are referred to as a [2 ]catenane while three 
interlocked rings are called a [3]catenane as illustrated in Figure 1.9. In general, these 
species are derived from a preformed macrocycle with a U-shaped fragment that is 
clipped around the macrocycle via a chemical reaction. This is referred to as the clipping 
approach. Another method that has been employed for the synthesis of catenanes is the
7
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double clipping approach. This method utilizes two linear components that can be closed 
around each other by a predetermined chemical reaction. Both synthetic approaches are 
depicted in Figure 1.10.
clipping 
double clipping
Figure 1.10 The two synthetic approaches for the generation of catenanes.
Several examples of metal based catenanes have appeared in the literature often focused 
on their electro- and photo-chemical properties. Sauvage and co-workers have used a 
copper® template motif to produce a [2]catenane via both synthetic approaches.19 The 
clipping approach uses a preformed macrocycle, 7, containing a 1,10-phenanthroline and 
a linear portion, 8, also containing a 1,10-phenanthroline unit bearing terminal alkenes. 
The addition of [Cu(MeCN)4]+ immediately forms a [2]pseudorotaxane. The cyclization 
of the linear portion was achieved by a ring-closing metathesis reaction using Grubb's 
catalyst. The double clipping approach was investigated using two linear fragments, 8, 
containing a 1,10-phenanthroline in the backbone and bearing terminal alkenes. The 
copper® metal centre preorganizes the linear pieces for subsequent ring closure to form 
the desired [2]catenane, 9. Both approaches are illustrated in Figure 1.11. As expected, 
the yield was independent of the approach used to synthesize the [2]catenane. In addition
8
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to the templated approach, metals have been included into catenanes after their 
assembly. For example, Stoddart and co-workers have synthesized a series of metal based
r *  V
1) [Cu(MeCN)4]PF6
2)c , J C>







Figure 1.11 The formation of [2]catenanes via copper(I) template using both the clipping and double 
clipping approach.
[2]catenanes in which one of the macrocycles contains a 2,2'-dipyridyl for metal 
coordination.20 The metal is inserted post-assembly and does not directly participate in 
the actual synthesis of these [2]catenanes. However, the resulting [2]catenanes offer 
interesting photophysical and electrochemical properties necessary for their use as 
molecular machines.
9
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1.3 Machines at the Molecular Level
A molecular level machine can be defined as a collection of molecular 
components designed to perform a specific function.21 Each molecular component is 
responsible for performing one task while as a whole they are able to achieve a more 
complex function. The function of a molecular level machine can be described as the 
movement of the components, relative to each other, as a direct result of an external 
stimulus. Molecular level machines operate by electronic and/or nuclear rearrangement 
and require energy to operate.22 33
1.3.1 Bottom-Up Approach
The miniaturization of components for the construction of electronic devices and 
machines has always been developed using the top-down approach. This approach 
utilizes lithography and related techniques in order to manipulate smaller and smaller 
pieces of matter. However, photolithography has physical limitations at dimensions 
around 100 nm. As a result, the computer industry that relies on silicon based chips is 
quickly approaching its physical limits in terms of miniaturization. Richard P. Feynman 
in a famous talk to the American Physical Society in 1959 stated "there is plenty o f room 
at the bottom" offering an alternative approach to the top-down approach.34
In the same talk Feynman also stated the "The principles o f physics do not speak 
against the possibility o f manoeuvring things atom by atom" and with this the bottom-up 
approach was born. This methodology relies on the ability to organize individual atoms 
and molecules one by one into nanostructures.
10
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1.4 Principles o f Molecular Level Machines
Molecular level machines can be characterized according to several factors. These 
include their source of energy, types of motion and how they can be controlled and the 
time taken in order to undergo the molecular rearrangements associated with their 
function.
As stated earlier, molecular level machines are based on the movement of one 
component relative to the other. This induced movement can only be achieved by the 
input of energy to the 'motor' of the supramolecular system. Since Brownian motion can 
not be used to drive the molecular motor, other sources of energy are required. Three 
widely used sources of energy are (1) chemical, (2) photochemical and (3) 
electrochemical.
The components are capable of a variety and range of motions. These include 
linear movement, translocation of components, assembly and disassembly, changes in 
molecular structure, rotary motions and contractions and extensions.
In order to detect the molecular motion of the components and ensure the machine 
is working properly, the physical changes of the system must be capable of being 
monitored. Often spectroscopic techniques are used including NMR, UV/vis absorption 
and luminescence. However, there are now examples of electrochemistry being used to 
detect these changes.
A molecular machine works by cycling through different states, always returning 
to the initial state. Ultimately, this ability to reset to the initial state is an important 
feature of a system, i.e., all motion of the components must inevitably lead back to the 
initial state in order to have an effective machine.
11
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The time of a molecular rearrangement depends heavily on the nature of the 
movement and can range from microseconds to weeks. To be effective, an ideal system 
should have a fast response time to an external stimulus.
1.4.1 Molecular Machines Based on [2]Pseudorotaxanes
Molecular level machines based on [2]pseudorotaxanes are concerned with the 
unthreading/rethreading process induced by some external stimulus. It has been shown 
that such systems can be driven photochemically, electrochemically and by donor- 
acceptor interactions. Balzani and co-workers have shown an elegant example of a 
photochemically driven molecular machine utilizing the metal complex photosensitizer 
[Ru(bipy)3]2+.35 The resulting pseudorotaxane, 10, shown in Figure 1.12 was generated in 
an ethanol solution with an association constant of approximately 2 x 104 M"1. Upon 
irradiation with visible light, an electron is transferred from the photosensitizer to the 
pyridinium unit on the same thread. The metal centre, now formally ruthenium(IH), is 
quickly reduced by the sacrificial reductant, triethanolamine, back to a ruthenium(II) 
centre. The formation of a radical cation in the thread portion effectively destroys all the 
non-covalent interactions that hold the components together. As a result, the naphthalene 
based crown ether unthreads. The addition of oxygen to the system converts the radical 
cation back to the dication, resulting in the rethreading of the crown ether. Conveniently, 
the 'free' crown ether will fluoresce while the complexed crown ether will have its
12





Figure 1.12 A photochemically driven molecular machine based on the unthreading/rethreading process of 
a [2]pseudorotaxane.
fluorescence quenched by the presence of the dication thread. Thus, the system can be 
easily monitored for unthreading/rethreading based on the fluorescence of the 
naphthalene based crown ether. The system can be efficiently cycled many times with the 
same solution until the scavenger is consumed.
1.4.2 Molecular Machines Based on [2]Rotaxanes
Molecular machines based on [2]rotaxanes are often referred to as molecular shuttles.36 A 
molecular shuttle is a [2]rotaxane in which the bead has the option of two different 
recognition sites. The bead can shuttle back and forth between the sites along the thread 
depending on the relative stability at each site as shown in Figure 1.13. Sauvage and co­
workers have shown an elegant example based on the difference in coordination
37 38geometries between copper(I) and copper(II), see Figure 1.14. In this example, the 
molecular shuttle, 11, contains both a bidentate and terdentate unit in the thread, while 
the bead contains a bidentate ligating site only. The metal centre can either adopt a four-
13
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Figure 1.13 The motion of the bead in a molecular shuttle [2]rotaxane.
coordinate geometry or a five-coordinate geometry. Sauvage has exploited the fact that 
copper(I) prefers a four-coordinate tetrahedral arrangement, accomplished by 
coordination of the two bidentate sites (one from the thread and one from the bead). 
While, the copper(II) prefers a five-coordinate trigonalbipyramidal arrangement formed 
by one bidentate (bead) and one terdentate (thread). The bead along with the metal centre 
can now be shuttled back and forth upon oxidation or reduction of the metal centre using 
electrochemical techniques. Stoddart and co-workers have used light to shuttle a 
macrocycle between sites via excitation of a [Ru(bipy)3 ]2+ core, see Figure 1.15.39 The 
two recognition sites in 12 differ only by the presence of two methyl groups in the 3 and 
3' position of the 4,4'-pyridinium closest to the ruthenium metal centre (site 1). As a 
result, the bead prefers site 2 due to the steric interactions with the two methyl groups. 
During oxidation of the [Ru(bipy)3 ]2+ photosensitizer by light excitation, an electron is 
passed to the viologen unit at site 2. The formation of the radical cation at this site 
disrupts the n-n stacking between the bead and thread, causing the bead to shuttle to site 
1. The back electron transfer process is very fast, much faster then the shuttling process. 
To alleviate this problem, a sacrificial reductant is used to convert the ruthenium(III) to 
ruthenium(H), thus lengthening the lifetime of the radical cation.
14
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Figure 1.14 An electrochemically driven molecular machine based on molecular shuttling. The bead is 
controlled by the oxidation and reduction of the copper centre.
Photosensitizer
Figure 1.15 Photochemically driven molecular machine based on a [Ru(bipy)3]2+ molecular shuttle.
15
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1.4.3 Molecular Machines Based on [2]Catenanes
Sauvage and co-workers have used their copper(I) template approach to produce a 
[2]catenane, 13, capable of rotating one ring within the other by electrochemical 
control.40-41 In this system, one of the macrocycles contains a bidentate unit while the 
other contains both a terdentate and bidentate units. The four-coordinate copper(I) centre 
can be oxidixed to copper(II), causing the ring to rotate until the terdentate group is in the 
centre, allowing for a five-coordinate geometry, as shown in Figure 1.16. Reduction of 




Figure 1.16 An electrochemically driven molecular machine based on a [2]catenane. The rotation of one 
ring through another is controlled by the oxidation state of the copper metal centre.
1.5 Background and Scope o f Thesis
1.5.1 The Bis(Pyridinium)ethane Thread and 24-Crown-8 Bead M otif
Several years ago Loeb and co-workers showed that a cationic 1,2-bis(pyridinium)ethane 
thread, 14, in the presence of a 24-crown-8 cyclic ether, 15, resulted in the formation of a
16
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[2]pseudorotaxane, 16, as illustrated in Figure 1.17.42 They were able to show the 
versatility of this new motif by producing examples of [2]pseudorotaxanes,42 
[2]rotaxanes 43 [3]rotaxanes 44 [2]rotaxane shuttles45 and [3]catenanes 46 This binding 
motif exhibits several non-covalent interactions necessary for the formation of
0 " \
<pNt / 0 + c 5
%
14 15 16
Figure 1.17 A bis(pyridinium)ethane cation thread and a 24-crown-8 ether bead are complementary and 
form an interpenetrated molecule; [2]pseudorotaxane.
w
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Figure 1.18 Synthesis of a [2]rotaxane, 17, using the Loeb motif, i) MeCN, excess DB24C8.
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interpenetrated species, including an N+.. .0  ion-dipole interaction as well as C-H...O 
hydrogen bonds formed between the acidic protons of the ethylene bridge and the oxygen 
atoms of the crown ether. The incorporation of aromatic groups to the thread and crown 
ether components also provides favourable n-n interactions and helps in stabilizing the 
overall complex. An elegant example utilizing all the interactions discussed above for the 
production of a [2]rotaxane, using this motif, is shown in Figure 1.18. In this example a 
[2]pseudorotaxane, formed between 1,2-bis(4,4'-dipyridium)ethane and dibenzo-24- 
crown-8 (DB24C8), can be stoppered by an alkylation reaction between the terminal 
pyridines and 4-tert-butylbenzylbromide resulting in the formation of 17, a [2]rotaxane.
1.5.2 Scope of the Thesis
This thesis deals with the synthesis, characterization and application of metal 
based [n]rotaxanes (where n -  2 and 3) incorporating the so-called “Loeb m otif’. The 
metal ions in these rotaxanes will serve many purposes. Firstly, an anionic metal complex 
will be used as a stopper in production of a neutral [2]rotaxane. Secondly, metal ions will 
be used to aid in the organizing [2]rotaxanes into infinite networks. Thirdly, rotaxanes 
capable of chelating a metal ion post-assembly will be prepared and their coordination 
chemistry studied. Finally, by varying the metal ion and its inherent geometry the 
"flipping" of an asymmetric crown ether can be controlled thus resulting in a molecular 
level machine. The background presented, to this point, serves as a general introduction 
to interlocked and interpenetrated compounds, in particular, ones containing metal ions. 
A more focused introduction of the individual areas covered in this thesis will be 
presented at the beginning of each chapter.
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In general, the "threading-followed-by-stoppering" method for the synthesis of 
rotaxanes uses organic based strategies for stopper production. Some examples are 
alkylation of amines47 and phosphines,48 ester, carbonate and acetal formation,49"50 
oxidative coupling,51 cycloaddition52 and the Wittig reaction.53 The use of metal based 
complexes for the conversion of a [2]pseudorotaxane to the corresponding [2]rotaxane, 
via stoppering, has previously been demonstrated in the literature, however, there are a 





Figure 2.1 Formation of a [2]pseudorotaxane between l,2-bis(4,4’-dipyridinium)ethane and dibenzo-24- 
crown-8 (DB24C8).
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Figure 2.2 Formation of a [2]rotaxane utilizing a palladium pincer complex as the stopper.







Figure 2.3 The use of ruthenium based porphyrins as suitable stoppers for the formation of a [2]rotaxane .
bis(pyridinium)ethane dication can form a pseudorotaxanes with a 24-membered crown 
ether, this chemistry has developed significantly. The synthesis of l,2-bis(4,4'-
2 0
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dipyridium)ethane, 192+, and subsequent pseudorotaxane formation with dibenzo-24- 
crown-8 (DB24C8), 18, shown schematically in Figure 2.1, offers some interesting 
options for capping to form a [2]rotaxane. The two external pyridines lend themselves to 
alkylation and reaction with 4-ferf-butylbenzylbromide formed the first [2]rotaxane using 
this motif as described in Chapter 1. The external pyridines can also be used for metal 
coordination as elegantly illustrated by its reaction with a palladium complex, as shown 
in Figure 2.2.43 The X-ray structure of 21 shows a palladium-nitrogen bond length of 
2.176(15) A and confirms the formation of a [2]rotaxane. The significance of this work 
was quickly realized by other researchers. For example, Branda and co-workers showed 
that the pseudorotaxane, 202+, formed between 1,2-bis(4,4 ’ -dipyridium)ethane and 
DB24C8, could react with a ruthenium(II) based porphyrin as shown in Figure 2.3.54 The 
resulting complex, 22, was crystallized and revealed similar features to that of the Pd-











Figure 2.4 The use of zinc based porphyrins as suitable stoppers for the formation of a [2]rotaxane in the 
production of a hydrogen bonded 3-D lattice.
21
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based [2]rotaxane. Similarly, Goldberg and co-workers used the same [2]pseudorotaxane 
in conjunction with a zinc based 4-(carboxyphenyl)poprhyrin (Figure 2.4) to give 23.55 
The linear hydrogen bonding abilities of the carboxyl groups enabled the [2]rotaxanes to 
be used as pillars between 2-D hydrogen-bonded sheet of porphyrins.
One of the shortcomings of using threads that contain multiple positive charges, 
as ligands, is the inherent charge build-up. The incorporation of metal based stoppers 
usually contributes to this problem. If these mechanically linked species are to be 
assembled on surfaces or incorporated into solid state devices, it would be advantageous 
for them to be rendered neutral, i.e. not to be accompanied by counter ions.
In this chapter the synthesis and characterization of some zwitterionic 
[2]rotaxanes using a simple anionic stopper, MBr3 (M = cobalt(II), manganese(II)), are 
described.56'57
2.2 Results and Discussion
2.2.1 Synthesis o f Neutral [2]Rotaxanes
Mixing the bromide salt of 1,2-bis(4,4’-dipyridium)ethane, 19[Br]2 with 2 
equivalents of dibenzo-24-crown-8 (DB24C8) in 10% MeOH/MeNOa, formed the 
[2]pseudorotaxane, 20[Br]2, over a period of 24 h. In some cases, the solution needed to 
be sonicated. Addition of two equivalents of anhydrous MBr2 (M = cobalt(H), 
manganese(II)) in MeNC>2 immediately precipitates the neutral zwitterionic [2]rotaxane 
complexes 21a and 21b as emerald green and yellow solids respectively, as shown in 
Scheme 2.1. Unfortunately, these complexes proved to be quite insoluble likely a result 
of using metal halide stoppers and the overall neutrality of the complexes. Any attempts
22
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to dissolve the complexes in highly polar solvents (e.g. H20 ) resulted in a six coordinate 
octahedral species as judged by the colour change from green to orange of 21a, typical of 
a six coordinate cobalt(II) centre.
21 a (M = Co) (80%) 
21 b (M = Mn) (50%)
Scheme 2.1 i) 10% MeOH/MeN02, 24 h. ii) MBr2 (cobalt(II) or manganese(II)).
2.2.2 X-ray Crystallography of Neutral [2]Rotaxanes
Slow evaporation of the reaction mixture produced single crystals of both 
complexes 21a and 21b. For both compounds, the combination of a bromide counter ion 
from the pyridinium thread and two bromides from each equivalent of MBr? starting 
material resulted in the formation of anionic MBr3_ stoppers, which coordinate in a 
tetrahedral geometry to the terminal pyridine units. Although these are simple complexes, 
surprisingly few examples of this type of zwitterion are known. Figure 2.5 shows the 
crystal structures of the neutral di-zwitterions 21a and 21b, which are isomorphous. 
Although very simple, the pyramidal MBr3 unit acts as the inorganic equivalent of a tBu 
group and easily prevents unthreading of the DB24C8 bead. The non-covalent
23
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interactions between the 1,2-bis(4,4'-dipyridium)ethane group and the DB24C8 unit (e.g. 
hydrogen bonding and 7t-stacking) are unperturbed in the presence of these anionic 
stoppers, with the DB24C8 adopting an S-shaped conformation. C-H...O  interactions in 
these complexes are typical for this type of [2]rotaxane, ranging from 3.3 -  3.4 A. The
Figure 2.5 Ball and stick representation of 21a (top) and 21b (bottom). The structures have a 
crystallographic inversion centre. Selected distances (A) and angles (°) for 21a: Co-Br(l) 2.372(3), Co- 
Br(2) 2.394(3), Co-Br(3) 2.373(3), Co-N(l) 2.039(13), Br(l)-Co(l)-Br(2) 114.75(11), Br(l)-Co(l)-Br(3) 
112.04(11), Br(2)-Co(l)-Br(3) 115.91(10), Br(l)-Co(l)-N(l) 105.8(4), Br(2)-Co(l)-N(l) 102.6(3), Br(3)- 
Co(l)-N(l) 104.1(4), Co(l)...Co(l) 21.6. 21b: Mn-Br(l) 2.467(1), Mn-Br(2) 2.478(1), Mn-Br(3) 2.469(1), 
Mn-N(l) 2.202(4), Br(l)-Mn(l)-Br(2) 114.95(2), Br(l)-Mn(l)-Br(3) 113.84(4), Br(2)-Mn(l)-Br(3) 
118.35(0), Br(l)-M n(l)-N(l) 103.71(12), Br(2)-Mn(l)-N(l) 100.61(11), Br(3)-M n(l)-N(l) 102.10(11), 
M n(l)...M n(l) 21.9.
metal-nitrogen bond lengths for 21a and 21b are 2.039(13) A and 2.202(4) A, 
respectively. In complex 21a the metal-halide distances range from 2.372(3) to 2.394(3) 
A., whereas in 21b, the metal-halide distances range from 2.467(1) to 2.478(1) A.
24
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2.2.3 Synthesis of the MBr3 M ono-Capped [2]Rotaxanes
BrX  /
23 (Ri = H, R2 = tert-butyl
R3 = H) (32 %)
24 (R-i = CH3, R2 = H,
R3 = CH3) (37 %)
Br»-M ~  25a (M = Co, 23) (61 %) 
Br 25b (M = Mn, 23) (35 %) 
26a (M = Co, 24) (40 %) 
26b (M = Mn, 24) (75 %)
Scheme 2.2 i) anhydrous EtOH, 24 h ii) DB24C8.
In order to demonstrate the general utility of these anionic stoppers, the new 
asymmetric threads 23 and 24 were prepared. The reaction of l-bromo-2-(4,4'- 
dipyridinium)ethane bromide, 22[Br], with either 4-terf-butylpyridine or 3,5-lutidine in 
anhydrous ethanol, resulted in the precipitation of the bromide salts 23 and 24 in yields of 
32 % and 37 %, respectively (Scheme 2.2). Figure 2.6 shows the *H NMR spectrum of 
the bromide salt of compound 23 in D2O. A distinguishing feature of this spectrum is the 
peak situated around 5.30 ppm corresponding to the central ethyl linkage, He and Hf, 
which confirms its formation since, Hf is located at 3.90 ppm in the starting material. The 
signal for the tert-butyl group, H j, is found at 1.38 ppm. The NMR spectrum of 
compound 24 is similar to that of 23. Again the appearance of the signal centred on 5.30 
ppm corresponding to the ethyl linkage confirms the formation. The two methyl groups
25
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of the lutidine, Hj, appear at 2.45 ppm as a multiplet and further confirm the formation of 
the product.
Mixing compounds 23 or 24 with DB24C8 in MeNCh followed by the addition of 
the appropriate MBr2 salt easily converts them to [2]rotaxanes 25a, 25b and 26a, 26b as 




10.0 9.0 2.0 1.0 0.07.0 6.0 5.0 4.0 3.08.0
ppm
Figure 2.6 'H NMR spectrum of l-(4-terf-butylpyridinium)-2-(4,4'-dipyridinium)ethane [Br]2 ,23, in D20  
at 500 MHz.
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2.2.4 UV/vis Spectroscopy of the M Br3 Mono-Capped [2]Rotaxanes
UV/vis absorption spectroscopy verified that the zwitterionic structure observed 
in the solid state is preserved in solution. The visible spectrum of 25a is shown in Fig. 
2.7. Two distinct features with Xmax values of 675 and 385 nm dominate the spectrum. 
These are due respectively to the high energy band (4A2 —» 4Ti(P)) of the tetrahedral 
[CoBrsN] metal centre58 and the CT band resulting from the interaction of 7t-electron rich 
DB24C8 and 7t-electron poor pyridinium aromatic rings in the [2]rotaxane. Interestingly 
the commonly observed colours for these separate components in analogous compounds 
are intense blue for tetrahedral cobalt(II) ions and yellow for the [2]pseudorotaxane, 202+, 
while 25a is emerald green. This observed colour can easily be explained upon 








370 4 2 0  470 5 2 0  570 620 670 720 770
nm
Figure 2.7 UV/vis absorption spectrum for 25a (MeNC>2, 1.0 x 10 ~3 M), colour wheel (insert).
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colour mixing of the colours blue and yellow, result in the colour green. Analogous 
MnBr3 capped [2]rotaxanes show the CT band but only a featureless baseline above 500 
nm consistent with a tetrahedral spin forbidden d5 ion.
2.3 Conclusions
MBr3" (cobalt(II), manganese(H)) units are easily generated and attached as 
stoppers under conditions that favour rotaxane formation, e.g. room temperature and non­
competitive solvents. These results suggest that this could be a general method amenable 
to a number of similar systems. The production of neutral [2]rotaxanes and other 
supramolecular species may prove to be very valuable especially in the area of 
nanotechnology where anions could easily disrupt function. The signature colour change 
associated with the cobalt(II) stoppers is particularly useful for identifying and isolating 
products. The ability to incorporate two unique characteristics (colour of the CT 
interaction and the colour of the CoBr^ centre) into one molecule and having both act 
independently may also prove to be useful in future designs.
2.4 Experimental
2.4.1 General Methods: 1,2-dibromoethane, 4,4'-dipyridyl, 3,5-dimethylpyridine, 4- 
tert-butylpyridine, cobalt(II)dibromide, manganese(II)dibromide and dibenzo-24-crown-8 
were obtained from Aldrich and used as received. Solvents were dried using Innovative 
Technologies Solvent Purification Systems. 19[BF4]259 and 22[Br]60 were synthesized 
using literature methods. !H NMR spectra were obtained on a Bmker Avance 500 
instrument operating at 500.1 MHz (using the deuterated solvent as the lock and the 
residual solvent or tetramethylsilane as the internal reference). Conventional 2-D NMR
28
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('H-'H COSY and NOESY) were used to assign all peaks. Deuterated solvents were 
purchased from Cambridge Isotope Laboratories Inc. and used as received. UV/vis 
absorption spectra were run on an Agilent 8453E spectrometer. The absorption spectra 
were recorded in acetonitrile (EM Science OmniSolv® High Purity Solvent) at 
concentrations of 1.0 x 10~3 for 25a, 25b, 26a and 26b.
2.4.2 General M ethods for X-Ray Crystallography:
Crystals which were mounted on a glass fiber were run at room temperature; 
those which were judged to lose solvent were frozen in paratone oil inside a cryoloop. A 
matrix was run and unit cell determined prior to collection. In most cases a hemisphere 
was collected. Reflection data were integrated from frame data obtained from hemisphere 
scans on a Bruker APEX diffractometer with CCD detector with Mo-Ka radiation (k  = 
0.71073 A). Diffraction data and unit-cell parameters were consistent with assigned space 
groups. The structures were solved by Patterson or direct methods, completed by 
subsequent Fourier syntheses and refined with full-matrix least-squares methods against 
\F2\ data. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were 
calculated and treated as idealized contributions. Scattering factors and anomalous 
dispersion coefficients are contained in the SHELXTL 5.03 program library (Sheldrick, 
G. M., Madison, WI).61 All ball-and-stick and space filling diagrams were prepared using 
DIAMOND.62
2 9
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2.4.3 General Preparation of Zwitterionic [MBr3]2 Complexes (21a and 21b)
l,2-Bis(4,4'-dipyridinium)ethane[Br]2 (0.100 g, 0.20 mmol) and dibenzo-24-crown-8 
(0.269 g, 0.60 mmol) were placed in 10 % MeOH / MeN02 and stirred for 24 h until both 
materials were completely dissolved. To this solution was added either anhydrous CoBr2 
(0.083 g, 0.40 mmol) or MnBr2 (0.081 g, 0.40 mmol) and stirring was continued for 1 h. 
The reaction vessel was then placed in an ice bath at 0 °C resulting in the precipitation of 
the complex as a green or yellow solid, respectively. Yield: 21a (0.263 g, 80 %), 21b 
(0.261 g, 50 %)
Crystal data: for 21a: C ^ f^ B reC ^ ^ O g , M  = 1379.75, orthorhombic, space group 
Pbca, a = 17.7244(2) A ,b =  14.7931(3) A, c = 20.5958(3) A, a = 90.00 °, (3 = 90.00 °, y 
= 90.00 °, V =  5400.2(2) A3, T = 293(2) K, Z = 2, // = 4.586 mm'1, 3047 independent 
reflections (Rint = 0. 0999). R1 = 0. 1028, wR2 = 0. 1444, (I > 2oI), R1 = 0.2805, wR2 = 
0.3242, (all data), Goodness-of-fit (F2) = 1.149.
Crystal data: for 21b: C^ffeBreM m N^g, M  = 1378.23, orthorhombic, space group 
Pbca, a = 17.893(2) A, b = 14.854(2) A, c = 20.799(3) A ,a  = 90.00 °, p = 90.00 ° ,y  = 
90.00 °, V = 5528.1(12) A3, T = 293(2) K, Z = 2, ju = 4.844 mm'1, 3968 independent 
reflections (Ri„t = 0. 0355). R1 = 0. 0407, wR2 = 0. 0645, (I > 2al), R1 = 0. 1058, wR2 = 
0. 1150, (all data), Goodness-of-fit (F2) = 1.027.
30
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2.4.4 Synthesis of l-(4-terM5utylpyridimum)-2-(4,4'-Dipyridinium)Ethane
Dibromide (23)
d c b a
h 9 e +
. 'A  / r ° \  / - f
A mixture of l-bromo-2-(4,4'-dipyridinium)ethane bromide (1.0 g, 2.91 mmol) and 4-t- 
butylpyridine (2.35 g, 17 mmol) in anhydrous EtOH (100 mL) was refluxed for 24 h. The 
solution was cooled to 0 °C and the precipitate collected by vacuum filtration and washed 
with EtaO (3 x 25 mL) to give an off-white solid (0.450 g, 32 %). *H NMR (500 MHz, 
D20):
a 8.77 d 3Jab = 4.7 2
b 7.90 d El 2
c 8.69 d 3 Jed = 6 - 2 2
d 8.93 d 3Jde =  6.2 2
e 5.30 m — 2
f 5.30 m — 2
g 8.46 d 3Jgh =  6.1 2
h 8.12 d %  =  6-1 2
j 1.38 m — 9
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2.4.5 Synthesis of l-(3,5-Dimethylpyridimum)-2-(4,4'-Dipyridiniiim)Ethane
Dibromide (24)
i
A mixture of l-bromo-2-(4,4’-dipyridinium)ethane bromide (3.0 g, 8.70 mmol) and 3,5- 
lutidine (5.61 g, 53 mmol) in anhydrous EtOH (100 mL) was refluxed for 72 h. The 
solution was cooled to 0 °C and the precipitate collected by vacuum filtration and washed 
with Et20 (3 x 25 mL) to give a white solid (1.47 g, 37 %). *H NMR (500 MHz, D2O):
a 8.82 d <3- II -1̂ to 2
b 7.91 d
OnII 2
c 8.47 d 3 Jed = 6.3 2
d 8.89 d 3Jdc = 6.3 2
e 5.30 m — 2
f 5.30 m — 2
g 8.49 s — 2
i 8.32 s — 1
j 2.45 m — 6
32
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
2.4.6 General Preparation of [M B r3] Stoppered Complexes Using l-{4-tert-
Butylpyridinium)-2-(4,4'-Dipy ridinium)Ethane Dibromide (25a and 25b)
l-(4-te/t-butylpyridinium)-2-(4,4'-dipyridinium)ethane [Br]2 (0.050 g, 0.10 mmol) and 
dibenzo-24-crown-8 (0.140 g, 0.31 mmol) was placed in MeN02 and stirred for 24 h until 
both materials were completely dissolved. To this solution was added either CoBr2 (0.023 
g, 0.10 mmol) or MnBr2 (0.027 g, 0.10 mmol), and stirring was continued for 1 h. The 
resulting compound, 25a or 25b, was precipitated upon being placed in an ice bath, at 0 
°C, as a green or yellow solid, respectively.
25a (0.073 g, 61 %); UV/vis (MeNOa): A,max/nm (£/dm3moF1cm'1) 388 (432), 685 (511). 
25b (0.041 g, 35 %); UV/vis (MeN02): K J n m  (e/dm’m o l 'W 1) 389 (160).
33
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2.4.7 General Preparation of [MBr3] Stoppered Complexes Using l-(3,5-
Dimethylpyridinium)-2-(4,4'-Dipyridinium)Ethane Dibromide (26a and 26b)
l-(3,5-dimethylpyridinium)-2-(4,4'-dipyridinium)ethane [Br]2 (0.050 g, 0.11 mmol) and 
dibenzo-24-crown-8 (0.149 g, 0.33 mmol) was placed in 10 % MeOH/MeNC>2 and stirred 
for 24 h until both material were completely dissolved. To this solution was added either 
CoBr2 (0.024 g, 0.11 mmol) or MnBr2 (0.029 g, 0.11 mmol) and stirring was continued 
for 1 h. The resulting compound, 26a or 26b, was precipitated upon being placed in an 
ice bath, at 0 °C, as a green or yellow solid, respectively.
26a (0.049 g, 40 %); UV/vis (MeN02): W n m  (e/dm3m o r W ') 388 (451), 688 (564). 
26b (0.093 g, 75 %); UV/vis (MeN02): U « m  (e /dn^m ol'W !) 389 (160).




Crystal engineering has been an area of intense research over the past decade.62’67 
The challenges of designing, synthesizing and crystallizing materials have remained top 
priorities. In particular, the use of 4,4'-dipyridyl as a linear fragment to organize metal 
centres in the production of 1-, 2- and 3-dimensional frameworks has been well 
studied.68’69 Upon investigation of the [2]pseudorotaxane, 202+, formed between 1,2- 
bis(4,4’-dipyridium)ethane and dibenzo-24-crown-8, some striking resemblances were 
noted when compared to 4,4'-dipyridyl. Figure 3.1 shows the two compounds side by side 
for direct comparison. First, the compounds are flanked at both ends by 4-pyridyl groups 
and second, both propagate in a linear fashion; the crown ether portion restricts the thread 
to an anti conformation. The main differences can also be seen in Figure 3.1. Notably the 
overall lengths of the compounds with 4,4'-dypyridyl measuring 7 A while the 1,2- 
bis(4,4’-dipyridium)ethane thread at 18 A is much longer. The presence of the crown 
ether held by non-covalent interactions may provide interesting properties once located 
inside the framework. It stood to reason that the [2]pseudorotaxane should act in
17.7 A-------------- 1 l— 7.2 A H
Figure 3.1 Direct comparison of 1,2-bis(4,4'-dipyridium)ethane and 4,4'-dypyridyl.
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the same manner as a 4,4'-dipyridyl fragment when incorporated into a infinite lattice. To 
date, the only set of polyrotaxanes to be engineered in this fashion are those prepared by 
Kim et. al. in which a [2]pseudorotaxane, 27, formed from a diaminoalkane “string”, 28,
cucurbituril (CB) bead) from Kim and co-workers.
and cucubituril (CB) “bead”, 29, are linked by a transition metal or lanthanide ion
metal containing polyrotaxanes and in one case large cavities and channels were shown to
appeared in literature.75-76
In this chapter, the synthesis and structural characterization of 1-D and 2-D metal 
based polyrotaxane networks containing the motif will be discussed. In particular, this 
design will allow investigations of some interesting concepts: 1) the effective volume of a 
dynamic mechanical component (crown ether) may be useful in eliminating 






Scheme 3.1 An example of a 2-D net containing interlocked components (diaminoalkane thread and a
(Scheme 3.1).70 This method was successfully employed to produce 1-D, 2-D and 3-D
be possible.71'74 Other examples of polyrotaxanes formed in the solid state have also
36
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change crown ethers without effecting the basic structure of a ML net could result in 
tremendous structural flexibility and allow the control of cavity properties and function 
and 3) the dynamic motion of an interlocked component that is threaded onto an ML net 
may be useful in the design of addressable solid state materials.
3.2 Results and Discussion
3.2.1 Synthesis of 1-D Polyrotaxanes
The only synthetic restriction for this system is that the [2]pseudorotaxane must 




M = Co and Zn
n
30 (M = Co)
31 (M = Mn)
Scheme 3.2 General procedure for the synthesis of 1-D polyrotaxanes, 30 and 31, i) MeCN.
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MeN0 2 - If the solvent is too competitive (polar) the weak interactions that hold the 
[2]pseudorotaxane together will not exist. To this end, one equivalent of 19[Bp4]2 was 
mixed with two equivalents of DB24C8 and one equivalent of [M(H2 0 )6][Bp4]2 (M = 
cobalt(II), zinc(II)) in MeCN as shown in Scheme 3.2. The bulk material could be 
isolated in good yield upon reducing the volume to half the original amount. In the cases 
where excess crown was present, the material could be removed by washing with Et2 0  or 
PhMe.
3.2.2 X-Ray Crystallography of 1-D Polyrotaxanes
X-ray quality crystals of 30 were produced by slow evaporation of the reaction mixture. 
The compound crystallizes in the monoclinic space group P2 j/c with an overall formula 
of {[Co(H2O)2(MeCN)2(20)][Bp4]4.(MeCN)2(H2O)2}x. Figure 3.2 shows that the use of 
cobalt(II) ions in MeCN results in an octahedral coordination geometry comprising two 
[2]pseudorotaxane ligands, two MeCN molecules and two water molecules all with trans
Figure 3.2 Ball-and-stick representation of the repeating metal-ligand unit in 30. The structure has a 
crystallographic inversion centre. Selected distances (A) and angles (°) for 30: Co-N(l) 2.18(3), Co-N(3)
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Figure 3.3 Space filling representations of (top) parallel chains of polyrotaxane 30 with solvent and anion 
are removed for clarity and (bottom) a view down the chains showing the channels filled with anions and 
solvent. Key: blue = 192+ thread, red = DB24C8 bead, green = metal with bound H20  and MeCN ligands, 
yellow -  anions and solvent molecules.
orientations. The linear thread could adopt either an anti or gauche conformation at the 
central ethylene unit but, is locked in the anti arrangement as a result of the complexed 
crown ether. The thread interpenetrates the crown ether bead allowing for a series of 
hydrogen bonds, k-k interactions as well as ion-dipole interactions. As expected, the 
DB24C8 portion adopts an S-conformation which serves to maximize the ti-tc 
interactions. The result is a ID coordination polymer in which every bridging ligand is a 
[2]rotaxane. The zinc(II) version {[Zn(H2O)2(MeCN)2(2 0 )] [BF^.(MeCN )2 31
is isomorphous with 30. This combination of a frans-geometry at the metal ion and a
39
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linear [2]pseudorotaxane ligand produces a linear ID polymer with a repeat distance 
between metal atoms of 22.1 A. Figure 3.3 (top) shows how these linear cationic ID 
polyrotaxanes pack side-by-side in parallel chains in the solid state. Interestingly, infinite 
ID channels are formed between the polymer strands which run parallel with the c axis 
(Figure 3.3 bottom). The resulting channels are filled with the counter ions and solvents 
of crystallization; in this case four BFT ions, two molecules of MeCN and two molecules 
of water per monomer unit. Calculations using the X-ray structural parameters (Platon) 
show that the accessible void space in the channels occupied by anions and solvent is 
33.9 % .77 The same calculation done excluding only solvent gives an accessible void 
space of 13.2 %.
3.2.3 Synthesis of a 2-D Polyrotaxane
Since the linear 1-D polyrotaxanes contain octahedral metal ions in which the 
ancillary ligands are solvent molecules (H20  and MeCN), it was reasoned that it should 
be possible to invoke higher orders of dimensionality simply by employing non 
coordinating solvents and/or anhydrous metal salts along with a 2:1 [2 ]pseudorotaxane to 
metal ion stoichiometry. Ultimately, we were successful in increasing the dimensionality 
by reacting two equivalents of 19[BF4]2 with four equivalents of DB24C8 and one 
equivalent of [C d(H 2 0 )6 ][B F 4 ] 2  in MeN02 as outlined in scheme 3.3. The bulk material, 
32, was isolated as an orange crystalline solid in good yield, 80 %.
4 0
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2 +  [Cd(H20 )6][BF4]2
// \  4  \\
— -N 7 — 0  N-







Scheme 3.3 General procedure for the synthesis of a cadmium(II) based 2-D polyrotaxanes, 32, i) M eN02, 
excess dibenzo-24-crown-8 .
3.2.4 X-Ray Crystallography of a 2-D Polyrotaxane
X-ray quality crystals of 32 were grown by diffusion of iso-propyl ether into the 
reaction mixture. The yellow-orange blocks crystallized in the triclinic space group, P-l.
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Figure 3.4 shows that the use of cadmium(II) ions in a non-coordinating solvent, MeNCF, 
results in an octahedral coordination geometry comprising four [2 ]pseudorotaxane 
ligands in a square planar arrangement, one water molecule and one coordinated BFT 
anion. Fig. 3.5 (top) shows how propagation of these units results in a 2D square net 
coordination polymer {[Cd(H20)(BF4)(19)2][BF4]5(MeN02)i5 }x, 32 in which every 
bridging ligand is a [2]rotaxane. The sides of the square net are defined by Cd...Cd
Figure 3.4 Ball-and-stick representation of the coordination sphere of the metal centre in 32. Key: blue = 
202+ thread, red = DB24C8 bead, green = H20 , yellow = BF4.
4 2
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Figure 3.5 A space-filling model showing four square-grids of 32. (MeN02 solvent molecules and non­
coordinated BF4 anions are omitted for clarity). Key: blue = metal-ligand lattice, red = DB24C8. Bottom: 
Four layers of the grid are shown to emphasize the infinite channels and the open framework of the solid 
(DB24C8 molecules, MeN02 solvent molecules and non-coordinated BF4 anions are omitted for clarity).
distances of 22.2 A while the interlayer spacing is 12.0 A in an AB alternating pattern 
down the c-axis. Figure 3.5 (bottom) shows how this pattern gives rise to openings that
43
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are large infinite channels lined with crown ethers. These channels are not completely 
perpendicular to the 2D net but offset slightly as the 2D layers are knitted together by a 
series of H ...F and H ...0  hydrogen bonds utilising the Cd-OFfe unit of one layer, the 
neighbouring Cd-BF4 group in an adjacent layer and intervening solvent
Figure 3.6 Line drawing of interpenetrating 2-D sheets.
molecules (there are 15 non-coordinated molecules of MeNC>2 per cadmium(II) ion). An 
interesting feature of this 2-D square net is the absence of interpenetration which
'70
generally plagues large 2-D net structures when the bridging unit becomes too long. 
Figure 3.6 shows how three 2-D sheets can singly interpenetrate with each other. 
Interpenetration is often conceded in order to obey the law "Nature abhors a vacuum". 
The reason for the absence of interpenetration in this system, which would generally be a 
perfect candidate having a linear spacer of approx. 19 A, can be found in the dynamic 
nature of the crown ether. It is known that the DB24C8 unit in a [2]rotaxane is not static 
but, in fact is constantly moving each aromatic ring back and forth between the two 4,4'- 
dypyridiniums groups as seen in Figure 3.7. This dynamic behaviour provides the
4 4
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v o lu m e  *r~
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VOLUME
Figure 3.7 Dynamic behaviour of the crown ether portion as related to effective volume.
pseudorotaxane with a larger overall effective volume. Figure 3.8 shows the square net 
with the effective volume taken into account. The actual volume available for possible 
interpenetration is considerably smaller then it appears in the solid state structure. The 
result is the absence of interpenetration in this system. Similar Platon calculations, to the 
ones performed on the 1-D polyrotaxanes, estimate that the accessible void space 
occupied by anions and solvent is 49.7 %. With the anions included and only the solvent 
removed the accessible void space only goes down 11.7 % to 38.0 %. One can envision
45
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Figure 3.8 Illustration of a M 4 L 4  portion showing the actual volume available f o r  interpenetration.
3.2.5 Thermogravimetric Analysis of 1-D and 2-D Polyrotaxanes
Thermogravimetric analysis (TGA) is an analytical technique used for measuring
a change in the weight of a sample versus temperature. The stability of the polyrotaxane
frameworks in 30, 31, and 32 were probed using this technique. This showed that
although the solid materials easily lost molecules of crystallization (MeCN at >70 °C,
H2O at >100 °C, MeNC>2 from 30 to 100 °C) and coordinated solvent molecules (H2O and
MeCN at >150 °C), the rotaxane framework did not breakdown and lose crown ether
46
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
until >250 °C. Presumably at this temperature, there is complete decomposition of the 
metal-ligand coordination polymer. This demonstrates that although the crown is initially 
held in position by weak non-covalent bonds in the template formation of the 
[2 ]pseudorotaxane and only interacts with the polymer by way of these residual non- 
covalent interactions, a covalent or strong metal-ligand bond must be broken to release 
this component. As an example, the TGA plot, for 32, is shown in Figure 3.9. The initial 
loss of the solvent is complete at approx. 125 °C, corresponding to 26.5 % weight loss. 
This weight loss is consistent with the loss of approximately 12 MeNCF, while it is 
expected that the other 3 MeNC>2 are lost prior to the start of the experiment. Following 
the line to higher temperature the decomposition of the material begins around 250 °C 
and is complete at 350 °C. Therefore, incorporation of molecular machine-like units into 
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Figure 3.9 TGA plot of 32.
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viable route for creating functional materials and there is nothing inherently unstable 
about the individual rotaxane components.
3.2.6 Synthesis of a 1-D Coordination Polymer Using 1,2-Bis(4,4’- 
Dipyridium)Ethane Linear Units
In an attempt to investigate whether the crown ether was a factor in eliminating 
interpenetration, the synthesis of a metal based polymer with the cadmium(II) ions and 
l,2-bis(4,4’-dipyridium)ethane, in the absence of crown ether, was performed. The 
strategy was exactly the same as the one employed above for the 2-D net, Scheme 3.4 
shows how the polymer, 33, was prepared. The bulk material was isolated after 
precipitating from the MeNC>2 solution with isopropyl ether in good yield, 43 %.
2 [Cd(H20 ) 6][BF4]2
_J n
Scheme 3.4 Procedure for the synthesis of a cadmium(II) based 1-D linear polymer, 33, i) M eN02
4 8
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3.2.7 X-Ray Crystallography of 1-D Coordination Polymer
Single crystals suitable of X-ray analysis were grown by slow diffusion of 
isopropyl ether into a solution of MeNC>2 containing the components. The colourless 
crystals appeared after a few days as small blocks. Surprisingly, even though the 
stoichiometry was set for a 2:1 ratio, to favour a 2-D net, a linear 1-D polymer with a 1:1
Figure 3.10 Ball-and-stick representation of the metal coordination site in 33. Selected distances (A) and 
angles (°) for 33: Cd-N(l) 2.310(1), Cd-F(l) 2.289(4), Cd-O(l) 2.292(4), F(l)-C d(l)-0(1) 98.29(1), N (l)- 
Cd(l)-F(l) 88.66(1), 0(1)-Cd(l)-F(l) 98.29(1).
Figure 3.11 Tightly packed herringbone pattern in compound 33.
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metaldigand ratio was crystallized analogous to 30 and 31 discussed above. Figure 3.10 
shows a ball and stick representation of the two 'naked' threads coordinated to the 
cadmium(H) metal centre on opposite sides. The remaining coordination sites are filled 
with two tetrafluoroborate ions and two waters molecules also in the trans arrangement. 
Interestingly, in the absence of crown ether the material that is formed shows a tightly 
packed herringbone pattern as illustrated in Figure 3.11. The closed pack structure as a 
result offers no channels or cavities. In comparison with 30 and 31 the linear strands 
themselves no longer run parallel with each other.
3.3 Conclusions
The design of open framework materials with interlocked components can be 
expanded to include pyridinium threads and crown ether beads. 1-D and 2-D networks 
are possible using the approach described in this chapter. The lack of interpenetration 
may be attributed, in part, to the dynamic nature of the crown ether bead. Extension to a 
3-D framework is expected to be complicated by steric congestion at the metal centre. 
The structural determination revealed open channels filled with anions and solvent but 
could potentially be used to house small molecules. The TGA analysis showed elegantly, 
how the relatively weak interactions that hold the [2]pseudorotaxane together can 
withstand high temperatures once incorporated into the framework. Future investigations 
will focus on the effect of changing crown ethers on the physical properties of the 
cavities and channels in these open framework materials and the formulation of co­
crystalline materials with "guests" molecules. Likely candidates for the formation of 3D 
networks involve pyridine N-oxides donors in combination with larger lanthanide ions.
50
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3.4 Experimental
3.4.1 General Methods: Cobalt(II) tetrafluoroborate hexahydrate, cadmium 
tetrafluoroborate and zinc tetrafluoroborate hydrate were obtained from Aldrich and used 
as received. Solvents were dried using Innovative Technologies Solvent Purification 
Systems. Single crystal X-ray diffraction experiments were run on a Bruker APEX 
diffractometer with CCD detector. Thermogravimetric analysis were performed on a 
Mettler Toledo TGA/SDTA851e Instrument under N2(g) atmosphere at a scan rate of 5 °C 
/min.
3.4.2 General Synthesis of the 1-D Polyrotaxanes (30 and 31)
To a solution of 1,2-bis(4,4’ dipyridinium)ethane[BF4]2, 19[BF4]2, (50 mg, 0.097 mmol) 
in MeCN (3 mL) was added a 2 equivalents of dibenzo-24-crown-8 (87 mg , 0.194 
mmol). The resulting solution was stirred at room temperature for 10 min, at which time 
[M (H 2 0 )6 ][B F 4 ] 2  (M = cobalt(II) and zinc(II) 0.097 mmol) dissolved in MeCN (1 mL) 
was added. The volume of the solution was then reduced to half and the precipitate, 3 0  or 
31, was collected by vacuum filtration (Yield 30-71  % and 31 - 90 %).
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Crystal data: for 30: C54H72B4C0F16N8 0 12, M  = 1431.4, monoclinic, space group P2j/c, a 
= 14.2776(1) A, h = 11.8122(2) A, c = 20.6360(2) A, a = 90.00 °, 0 = 104.084(1) °, y = 
90.00 °, V = 3375.64(7) A3, T = 293(2) K, Z = 2, // = 0.360 mm'1, 5861 independent 
reflections (Rint = 0. 0157). R1 = 0. 0744, wR2 = 0. 2193, (I > 2oI), R1 = 0. 0806, wR2 = 
0. 2270, (all data), Goodness-of-fit (F2) = 1.072.
Crystals of 31 were of poorer quality than those obtained for 30 but the data was good 
enough to determine that the two structures are isomorphous with zinc(II) replacing 
cobalt(II) at the metal linking node. Crystal data: for 31: C54H72B4F i6NsOi2Zn, M = 
1437.8, monoclinic, space group P 2/c, a = 14.2776(1) A, b = 11.8122(2) A, c = 
20.6360(2) A, a = 90.00 °, (3 = 104.084(1) °, y = 90.00 °, V=  3375.64(7) A3, T = 293(2) 
K, Z = 2, /i = 0.469 mm"1, 3269 independent reflections (Rjnt = 0. 1136). R1 = 0. 1676, 
wR2 = 0. 3766, (I > 2oI), R1 = 0. 2161, wR2 = 0. 4140, (all data), Goodness-of-fit (F2) = 
1.199.
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3.4.3 General Synthesis of a 2-D Polyrotaxane (32)
To a solution of l,2-bis(4,4’ dipyridinium)ethane[BF4]2, 19[BF4]2, (50 mg, 0.097 mmol) 
in MeNO? (3 mL) was added 2 equivalents of dibenzo-24-crown-8 (87 mg , 0.194 mmol). 
The resulting solution was stirred at room temperature for 10 min, at which time 
[Cd(H20 )6][BF4]2 (19 mg, 0.049 mmol) dissolved in 1 ml of MeN0 2 was added. The 
volume of the solution was then reduced to half and the precipitate, 32, was collected by 
vacuum filtration (Yield 80 %).
Crystal data: for 32: Ci07Hi5iB6CdF24N23O47, M  = 3144.8, triclinic, space group P -l , a = 
17.331(2) A , b  = 20.345(2) A, c = 22.006(2) A, a = 83.692(2) °, (3 = 80.080(2) °, y = 
72.306(2) °, V = 7267.9(13) A3, T = 173.5(2) K, Z = 2 , //  = 0.269 mm"1, 25248 
independent reflections (Rjnt = 0. 0511). R1 = 0. 1075, wR2 = 0. 3067, (I > 2oI), R1 = 0. 
1431, wR2 = 0. 3469, (all data), Goodness-of-fit (F2) = 1.345.
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3.4.4 General Synthesis of a 1-D Coordination Polymer (33)
N,  PH; 
'  2 +
To a solution of l,2-bis(4,4’ dipyridinium)ethane[BF4]2,19[BF4]2, (50 mg, 0.097 mmol) 
in MeCN (3 mL) was added [Cd(H2 0 )6][BF4]2 (0.049 mmol) dissolved in MeCN (1 mL). 
The volume of the solution was then reduced to half and the precipitate, 33, was collected 
by vacuum filtration (Yield 43 %).
Crystal data: for 33: C22H24B4CdFi6N402, M  = 836.09, monoclinic, space group P2i/c, a 
= 11.600(3) A ,b =  18.704(4) A, c = 7.6169(17) A, a = 90.00 °, 0 = 96.211(4) °, y = 90.00 
°, V = 1642.9(6) A3, T = 173(2) K, Z = 2 , // = 0.784 mm'1, 11941 independent reflections 
(Rin, = 0. 0822). R1 = 0. 0884, wR2 = 0. 2036, (I > 2al), R1 = 0. 1087, wR2 = 0. 2152, 
(all data), Goodness-of-fit (F2) = 1.220.




The use of the 1,2-bis(4,4'-dipyridium)ethane cation for the production of metal 
stoppered [n]rotaxanes via kinetic trapping has proven to be an effective method. 
Unfortunately, this trapping of an equilibrium suffers one distinct problem. Complexation 
of the chosen metal must be compatible with the solvent system and temperature required 
for pseudorotaxane formation. This typically requires, in our case, relatively non-polar 
solvents and ambient temperatures, conditions which are not always ideal for metal 
complexation. In this chapter, the development of a rotaxane that is capable of post-metal 
coordination while maintaining the integrity of the interlocked components is the focus. 
Ideally, the thread will consist of two ends, one capable of metal coordination that can 
also act as a stopper and the other that is able to interpenetrate the bead as well as offer a 
suitable functional group that can be reacted to form another stopper. For example, the 
latter can be realized by using a pyridine, which can be capped with a suitably sized 
organic group as discussed earlier in Chapter 1. For the metal complexing end a 
2 ,2 ':6 ',2 "-terpyridine unit represents an ideal choice of fragment since it meets both the 
criteria mentioned above. Terpyridines have been shown to complex to many of the
Figure 4.1 Cartoon representation of a kinetically trapped [2]rotaxane using metal based stoppers.
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Figure 4.2 Cartoon representation of a preassembled [2]rotaxane followed by metal coordination.
4.2 Results and Discussion
4.2.1 Synthesis of the 2,2':6',2"-Terpyridine Based Ligands
The ligand 4'-(4"'-pyridyl)-2,2':6',2"-terpyridine (pyterpy) was chosen as the 
source of a terpy unit for eventual inclusion into a rotaxane thread. The synthesis of 
pyterpy proceeded smoothly via the condensation of 2-acetylpyridine with 4- 
pyridinecarboxaldehyde, in the presence of base, to form the corresponding 1,5-diketone, 
34. Subsequent ring closure of the 1,5-diketone in situ with NH4OAC produced the 
desired compound, 35, as previously reported (Scheme 4 .1).80 iV-alkylation of the 4-
79transition metals and are certainly bulky enough to inhibit the unthreading of the bead.
N N
34 35
Scheme 4.1 i) 1:1 EtOH/H20 , NaOH, ii) excess NH4OAc, reflux
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22




40 (no crown) (72%)
37
Scheme 4.2 i) 0.35 equivalents of l-bromo-2-(4,4'dipyridinium)ethane bromide in MeCN at reflux for 7 
days, ii) 6 equivalence of crown ether in MeN02/[Na][OTf](aq) at RT for 72 h.
pyridyl group with l-bromo-2-(4,4'-dipyridinium)ethane bromide, in MeCN over 7 days, 
produced compound 36 in relatively low yield, but high purity, as the dibromide salt. 
Treatment of the bromide salt of 36 with excess crown ether in a two-phase 
MeN0 2 /NaOTf(ag) mixture at room temperature resulted in a pale yellow to orange 
MeNC>2 layer indicative of [2]pseudorotaxane 202+ formation. This mixture was then 
reacted with 4-f-butylbenzylbromide to produce the [2]rotaxanes 38-40 as the OTf salts in
57
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moderate to good yield; see Scheme 4.2. The naked thread 40 was also prepared with this 
method by eliminating the crown ether from the reaction.
4 .2 .2 1H NMR Spectroscopy
The !H NMR spectrum of 36 in D2O showed the expected resonances; in particular those 
for the new dipyridiniumethane link, Hh and Hi, were a clearly distinguishable multiplet 
at 5.47 ppm. The *H NMR spectra of compounds 37-39, in d3-MeCN (see Figure4.3),
a b
Figure 4.3 The basic numbering scheme used for all NMR spectral data is shown for the terpyridine based 
thread and the three crown ethers used, 24-crown-8 (24C8), dibenzo-24-crown-8 (DB24C8) and 
dinaphthyl-24-crown-8 ether (DN24C8).
revealed shifts to higher frequency for Hh and H; of the thread due to hydrogen bonding 
with the mechanically linked crown ether component. The presence of a singlet at ~5.8 
ppm for Hn also indicated alkylation of the terminal nitrogen had occurred and this was 
further confirmed by a shift to higher frequency for Hm. In addition to resonances which 
are diagnostic of the capping process and rotaxane formation in general, the !H NMR 
spectra of compounds 37-39 exhibit some interesting trends that result from the 
interaction of the two mechanically linked components. Firstly, shifts to higher frequency 
of 0.14-0.41 ppm for Hh and Hi in rotaxanes 37-39 compared to thread 40, are 
attributable to C -H ...0  interactions between these protons and the oxygen atoms of the 
crown ether. Secondly, the presence of two separate resonances for Ht and Hu at 6.68  and
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6.54 ppm, compared to 6.93 ppm for free DB24C8, are indicative of 7i-stacking between 
pairs of electron-poor pyridinium and electron-rich crown aromatic rings. The three 
aromatic resonances for 38 at 7.22, 6.97 and 6.72 ppm for Hs, Hu and Hr respectively are 
also shifted to lower frequency relative to free DN24C8; 7.64, 7.04 and 7.35 ppm. 
Thirdly, the shift to lower frequency of He on increasing the size of the aromatic ring of 
the crown ether from DB24C8 (0.22 ppm) to DN24C8 (0.40 ppm) can be taken as a 
measure of the increased efficiency of the larger naphthyl ring to engage in 7t-stacking.
4.2.3 X-Ray Crystallography
Single crystals of 37 suitable for X-ray diffraction were grown by the slow diffusion of 
isopropylether into a MeNC>2 solution of 37 and a small amount of tetraethylammonium 
chloride. The orange crystals appeared as small blocks after a few days. Figure 4.4 shows 
a ball and stick representation of 37, where the anions and most of the protons have been 
omitted for clarity. The structure reveals typical features with the DB24C8 portion 
adopting a typical S-conformation while the central NCH2CH2N unit exhibits an anti 
conformation. Compound 37 is stoppered at one end by a tert-butyl group and at the other 
end with a terpyridine unit. As expected, the cationic thread interpenetrates the central 
cavity of the bead allowing the electron rich aromatic portions of the bead to n stack with 
the electron deficient thread. The structure also reveals a high degree of C -H ...0  
hydrogen bonding between the components. The four protons ortho- to N4 and N5 as 
well as the four central protons attached to C21 and C22 (ethylene bridge) form eight 
hydrogen bonds with the oxygen’s of the bead with C-O distances ranging from of 
3.187(2) -  3.942(3) A. The terpyridine group is essentially planar with the nitrogen atoms 
in the expected transoid arrangement.81 Similarly, single crystals of 38 suitable for X-ray
59
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Figure 4.4 Ball and stick representation of the cationic portion of 37. Selected distances(A) and angles(°) 
N(3)-C(6) 1.335(18), N(4)-C(21) 1.462(11), N(5)-C(22) 1.482(10), C-H...O interactions C(18)-0(6) 
3.242(3), C(19)-0(2) 3.796(5), C(21)-0(3) 3.356(3), C(2l)-0(5) 3.496(2), C(22)-0(8) 3.257(2), C(22)- 
0(1) 3.248(2), C(23)-0(7) 3.140(1), C(27)-0(2) 3.254(2), N(5)-C(22)-C(21) 110.4(7).
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Figure 4.5 Ball and stick representation of the cationic portion of 38. Selected distances(A) and angles(°) 
N(l)-C(l) 1.416(0), N(4)-C(21) 1.51(0), N(5)-C(22) 1.481(0), CH...0 interactions C(18)-0(7) 3.397(0), 
C(19)-0(2) 3.942(3), C(21)-0(8) 3.323(4), C(21)-0(2) 3.251(1), C(22)-0(5) 3.342(4), C(22)-0(4) 
3.324(2), C(23)-0(7) 3.427(2), C(27)-0(3) 3.187(0), N (4)-C (21)-C (22) 107.43, N (6)-C (3 3 )-C (3 4 ) 
112.92(1).
analysis were grown by slow diffusion of isopropylether into an MeCN solution of the 
compound. Figure 4.5 shows a ball-and-stick representation of the structure of the 
cationic portion of 38. The terpy capped dipyridiniumethane thread, once again, adopts 
an anti conformation at the central NCH2CH2N unit while the DN24C8 bead exhibits a
60
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typical S-shaped conformation. The cationic thread interpenetrates the central cavity of 
the bead and the aromatic rings of the crown n-stack over the pyridinium rings. These 
structural details for compounds 37 and 38 are consistent with the solution NMR data and 
have been observed in related compounds. Figure 4.6 (right) shows a space-filling model 
of compound 38 which emphasizes how the thread and bead components interact. 
Interestingly the electron rich naphthtyl portion of the bead does not lie directly over top 
of the electron poor thread but with a slight offset consistent with the Sanders and Hunter 
71-Ti interaction model.82 The solid state packing of this compound reveals alternating 
electron-rich and electron-poor aromatic rings in which the [2 ]rotaxanes stack one on top 
of the other allowing for both intra- and intermolecular n stacking interactions to 
propagate along the c axis. (Figure 4.6, left)
Figure 4.6 Space filling model of 38 showing both a side view (left), top view (middle) and a bottom view
(right)
4.2.4 UV/vis Spectroscopy
The [2]rotaxanes 37 and 38 are an orange-red colour in the solid state and 
solutions in MeCN are orange. The UV/vis absorption spectra of these compounds show
61
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
absorption shoulders at 397 and 401 nm respectively, as a result of charge transfer (CT) 
interactions between the electron-rich aromatic rings of the crown ether bead and the 
electron-deficient thread. This stacking interaction provides a low energy orbital and 
results in CT transitions being observed in the visible region.
4.2.5 Mass Spectrometry
The ESI-MS of ligands 37-39 also confirmed their interlocked nature, as the [M- 
OTf]+ ions were observed in all cases. As an example, Figure 4.7 shows the theoretical 











- p  m / i
Figure 4.7 ESI-MS spectrum for compound 38 comparing the raw data (bottom) to the theoretical data 
(top).
4.2.6 Stability o f Interlocked Components
The synthesis of [2]rotaxanes using a bulky tert-butyl unit in conjunction with a 
terpyridyl group as stoppers provides a stable interlocked molecule suitable as a ligand
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for complexation to transition metals in a wide variety of competitive solvent systems. As 
a measure of the stability of the [2 ]rotaxanes they were placed in a variety of solvents 
from non-polar to polar with only changes in the anions to aid in solubility. As expected 
the [2]rotaxanes remained intact even after being placed in d6-DMSO at 60 °C for 24 h, a 
solvent that is certainly able to interrupt the non-covalent interactions that hold the 
components together. From this, we confirm that both the tert-butyl and terpyridine 
fragments act as adequate stoppers for this series of ligands.
4.2.7 Synthesis o f Iron(II) Complexes
To initially investigate the coordination ability of these unique ligands, 
homoleptic iron(II) complexes were prepared. The expectation was that these complexes 
would contain a 2:1 ligand:metal ratio and exhibit diamagnetic features characteristic of a
3 7  (DB24C8)
38  (DN24C8)
39  (24C8)
4 0  (no crown)
41 (DB24C8) (83%)
42  (DN24C8) (81%)
43  (24C8) (88%)
44  (no crown) (79%)
Scheme 4.3 i) 0.5 equivalents of [Fe(H20 )6] [BF4] in 1:1 MeOH/MeCN for 2 h at RT.
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d6 low spin system. For ligands 37-40, the homoleptic iron(II) complexes were 
synthesised with relative ease. Unfortunately, due to the lability of such iron(II) 
complexes, heteroleptic versions employing these ligands could not be prepared. As 
outlined in Scheme 4.3, two equivalents of the rotaxane ligand in an MeCN/MeOH 
solution were added to one equivalent of [Fe(H2 0 )6][BF4]2; a dark blue colour instantly 
developed. Purification by column chromatography yielded the complexes 41-44 with 
formula [Fe(L)2][OTf]8 (L = 37-40) in excellent yields
4.2.8 1H NMR Spectroscopy
The lH NMR spectra of 41-44 show characteristic shifts attributable to the 
coordination of a terpyridine ligand to iron(II). In order to chelate to the iron atom, the 
terpy ligand must rotate the two 2-pyridyl units from the transoid conformation, as seen 
in the crystal structure of compounds 37 and 38, to the cisoid conformation. Chemical 
shift changes for proton resonances Ha-Ha are attributed to the electronic effects of metal 
ligation and this change in conformation. In particular, the shift to a lower frequency of 
Ha from 8.79 ppm for the uncomplexed rotaxane to 7.20 ppm for the complexed rotaxane 
is characteristic of terpy coordination to an iron(II) centre. Further confirmation of 
complexation can be seen in the chemical shift of Hb, which lies adjacent to Ha, and also 
experiences a shift to lower frequency but of a much small magnitude. The change in 
chemical shifts upon coordination to the iron(H) centre are summarized in Table 4.1 for 
all protons excluding the polyether protons of the bead. Fig. 4.8 shows the NMR 
spectra of the naked thread 40[OTf]2 rotaxane 38 and Fe complex 42 allowing sequential 
comparison of the thread, [2]rotaxane and subsequent coordination of iron(II).
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Figure 4.8 *H NMR spectra of 40 [OTfbCnaked thread), 38 ([2]rotaxane) and 42 (Fe complex) for 
comparison.
4.2.9 UV/vis Spectroscopy
Previously, Constable et al. have shown that the addition of electron withdrawing 
and/or electron donating substituents to the back of a terpyridine based ligand, 
coordinated to ruthenium(II), lowered the energy of the LUMO (li of the ligand) 
resulting in a red shift of the MLCT band as compared to the parent complex, 
[Ru(terpy)2]2+.83 Similarly, Constable et al. have also shown that iV-alkylation of pyterpy 
complexed to iron(II) resulted in a red shift of -25 nm, as compared to [Fe(terpy)2]2+.84 
Similar trends were observed for compounds 41-44. Figure 4.9 shows that 41 undergoes a 
red shift when compared to [Fe(terpy)2]2+ and [Fe(pyterpy)2]2+. This shift to lower energy 
can once again be attributed to the lowering of the ligand based it orbital upon 
alkylation. Interestingly, the Xmax of 43 and 44 are indistinguishable at 603 nm, as
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Figure 4.9 UV/vis spectra of [Fe(terpy)2]2+ (—), [Fe(qterpy)2]2+ (—) and [Fe(37)2]2+ ("') as the [OTf] salt.
the hydrogen bonding within 43 is not expected to affect the MLCT. However, the 
introduction of a dibenzo-24-crown-8 ether to the iron(II) complex, 41, produces a X,max of 
604 nm as a result of alkylation and the addition of stabilization due to tt-tc stacking. 
Finally, the A,max of 42 at 606 nm is a result of naphthalene fragments causing the further 
stabilization of the MLCT as seen by the shift to higher wavelength. Within this series of 
rotaxane iron(II) complexes, a very slight but reproducible shift in the X,max can be viewed 
as fine tuning the MLCT by the addition of a stabilizing influence within the rotaxane 
component. All the results including extinction coefficients are summarised in Table 4.2.
Table 4.2 UV/vis data for compounds 41-44.
[Fe(37)2f + 604 2 .6  x 104
[Fe(38)2f + 606 3.3 x 104
[Fe(39)2]2+ 603 1.9 x 104
[Fe(40)2 ]2+ 603 2.4 x 104
a) concentration 2.0xl0~6 M using MeCN as the solvent
6 7
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4.3 Conclusions
The idea of creating an interlocked molecule with a chelating group as an integral 
part of the thread was realized by incorporating a pyterpy group into a 
dipyridiniumethane thread and forming [2]rotaxanes with 24-membered crown ethers. 
The stability of the [2]rotaxanes in polar solvents was confirmed by 'H  NMR 
spectroscopy, which showed that the interlocked species had not dissociated from each 
other. It was then demonstrated that these ligands can be used as simple terpy chelators to 
form octahedral bis-ligand iron(II) complexes. Preliminary results show that varying one 
of the interlocked components, in our case the crown ether bead, might be a viable 
method to fine tune the physical and/or optical properties of the parent complex. The 
obvious extension of this would be to use more inert metal ion with more interesting 
photophysical properties. Chapter 5 addresses this by looking at complexes of 
ruthenium(II).
4.4 Experimental
4.4.1 General Methods: Iron(II) tetrafluoroborate hexahydrate was obtained from 
Aldrich and used as received. Solvents were dried using an Innovative Technologies 
Solvent Purification Systems. 4'-(4"'-pyridyl)-2,2':6',2"-terpyridine 3580, 24-crown-885"86 
and dinaphtho-24-crown-885"86 were synthesized using literature methods. Thin layer 
chromatography (TLC) were preformed on Merck Silica gel 60 F254 plates and viewed 
under UV light. Column chromatography was performed using Silicycle Ultra Pure Silica 
Gel (230 - 400 mesh). 1H NMR spectra were obtained on a Bruker Avance 500 
instrument operating at 500.1 MHz (using the deuterated solvent as the lock and the
68
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
residual solvent or tetramethylsilane as the internal reference). Conventional 2-D NMR 
^H-'H  COSY and NOESY) were used to assign all peaks. Deuterated solvents were 
purchased from Cambridge Isotope Laboratories Inc. and used as received. High- 
resolution mass spectra were recorded in 1:1 MeCN/HhO on a Micromass LCT 
Electrospray TOF mass spectrometer. UV/vis absorption spectra were run on an Agilent 
8453E spectrometer. The absorption spectra were recorded in acetonitrile (EM Science 
OmniSolv® High Purity Solvent) at concentrations of 2.0 x 10'3 M for compounds 37-40 
and 2.0 x 10~6 M for compounds 41-44 and all other related iron(II) complexes.
4.4.2 Synthesis of Compound 36
a b
To a solution of 1 -bromo-2-(4,4'-dipyridinium) ethane[BF4] (2.0 g, 5.7 mmol) dissolved 
in 500 mL of dry MeCN was added 4'-(4-pyridyl)-2,2':6',2"-terpyridme (7.0 g, 22.5 
mmol). The resulting mixture was refluxed for 168 h, allowed to cool to room 
temperature and the precipitated solid collected by suction filtration. The solid was 
washed with 75 mL of CHCI3 to remove any excess terpyridine. The resulting solid was 
then recrystallized from H2O as an off-white powder (0.748 g, 20 %). HRESI: (calc.) for 
C 3 2 H 2 6 N 6 F 4 B [M-BF4]+ m/z 581.2248 found m/z 581.2236. *H NMR (500 MHz, D20):
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' Jba~ 3 J  be ~  5.8 9
% d ~  0
iJcb ~ 3Jcd  = 7.6
4J ca ~  0
L
3Jdc = 7.9 2
— 2
— 2
% =  6.5 2
-- 2
-- 2
%  = 6.5 2
3Jkj = 6.5 2
3Jlm = 5.6 2
3 J  ml = 5 . 6 2
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4.4.3 Synthesis of Compound 37
To a solution of MeNCL layered with an aqueous solution of NaOTf was added 36 (0.150 
g, 0.23 mmol) and dibenzo-24-crown-8 ether (0.614 g, 1.37 mmol). The resulting 
pseudorotaxane was observed in the MeNCL layer and stirred for a further 10 min to 
allow equilibrium to be reached. To this mixture, was added 4-terf-butylbenzylbromide 
(0.057 g, 0.25 mmol) and stirring continued for 48 h at room temperature. Subsequently, 
the MeNC>2 layer was removed and washed with 3 portions of H2O, dried and 
concentrated to 10 mL. The addition of 50 mL of diethylether induced precipitation of the 
triflate salt which was collected by vacuum filtration as an orange solid (0.181 g, 51 %). 
UV/vis (MeCN): U n m  (e /d n ^ m o rW 1) 234 (1.5 x 103), 339 (4.5 x IQ3), 397 (8.5 x 
102). HRESI: (calc.) for CegfLsNeOuFeSs [M-OTf]+ m/z 1387.4530 found m/z 
1387.4513. ‘H NMR (500 MHz, d3-MeCN):
a 8.79 d 3Jab ~ 4-2 2
b 7.46 m — 2
c 7.98 ddd 3 J c b ~ 3 Jed ~ 6.2
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e 8.68 s — 2
f 8.23 d % = 6 -5 2
g 9.35 d % = 6 . 5 2
h 5.68 s — 2
i 5.68 s — 2
j 9.41 d %  = 6.5 2
k 8.59 m — 2
1 8.59 m — 2
m 8.98 d 3Jml = 6.7 2
n 5.81 s — 2
0 7.46 m — 2
P 7.56 d 3Jpo = 8-4 2
q 1.34 s — 9
t 6.68 m — 4
u 6.54 m — 4
' and x 4.00-4.18 m 24
Crystal data: for 37: C69H73CI3N6O16, M  = 1348.68, triclinic, space group P-l, a = 
12.4106(11) A, b = 15.2956(14) A, c = 20.4357(18) A, a = 78.829(2) °, p = 84.705(2) °, y 
= 82.893(2) °, V = 3767.2(6) A3, T = 173(2) K, Z  = 2 , // = 0.186 mm4 , 19110 
independent reflections (Rint = 0. 0668). R1 = 0. 1152, wR2 = 0. 3130, (I > 2gI), R1 = 0. 
1761, wR2 = 0. 3502, (all data), Goodness-of-fit (F2) = 1.136.
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4.4.4 Synthesis of Compound 38
„«0 9
m i i  k / h + (/
n + i t  \V 4 \\ / ”  v —
V





Same as for compound 37. Yield: (61 %). UV/vis (MeCN): A,max/nm (e/dm3m or1cm‘1) 
233 (20.0 x 103), 336 (4.2 x 103), 401 (1.0 x 103). HRESI: (calc.) for C77H77N6Oi4F6S2 
[M-OTf]+ m/z 1487.4843 found m/z 1487.4805. 'H NMR (500 MHz, d3-MeCN):
a 8.79 d It 2
b 7.55 d d d 3 h e  ~  3 Jba  -  6.9 
% d  = 1.4
2
c 8.05 d d d "h b ~  J cd  =  6 .6
4 ha = 1-8
2
d 8.66 d 3 h e  =  1 - 9
e 8.50 m — 2
f 7.54 m — 2
g 9.27 d 3Jgf= 6-7 2
h 5.68 m — 2
i 5.68 m — 2
j 9.34 d 3 Jjk = 6.7 2
k 8.37 d 3h j  = 6.7 2
7 3
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1 8.08 d Jim = 6.8 2
m 8.50 m — 2
n 5.62 s — 2
0 7.54 m — 2
P 7.66 d
00IICJ 2
q 1.37 s — 9
r 6.72 m — 4
s 7.22 m — 4
u 6.97 s — 4
w and x 4.04 -  4.30 m _____ 24
Crystal data: for 38: C77H77CIF6N6O15.5S2, M -  1548.02, monoclinic, space group P2j/c, 
a = 27.432(4) A, b = 19.886(3) A, c = 14.4704(19) A, a -  90.00 °, (3 = 100.981(18) °, y = 
90.00 °, V = 7749.3(18) A3, T = 173.0(1) K, Z = 4, // = 0.186 mm'1, 6076 independent 
reflections (Rint = 0.1781). R1 = 0. 0.1096, wR2 = 0. 0.3278, (I > 2al), R1 = 0.2596, wR2 
= 0.3276, (all data), Goodness-of-fit (F2) = 0.913.
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4.4.5 Synthesis of Compound 39
\ = / +  '
Same as for compound 37. Yield: (24 %). UV/vis (MeCN): kmax/nm (e/dm3m or1c m 1) 
236 (7.4 x 103), 339 (4.2 x 103). HRESI: (calc.) for C61H73N6Oi4F6S2 [M-OTf]+ m/z 
1291.4530 found m/z 1291.4474. *H NMR (500 MHz, d3-MeCN):
Proton 5(ppm) Mulitplicity Coupling Constant (Hz) # of Protons
a 8.80 m — 2
b 7.57 m — 2
c 8.19 m — 2
d 8.80 m — 2
e 8.99 s — 2
f 8.52 d ii CT\ <1 2
g 9.06 d % f= 6 - l 2
h 5.45 m -------- 2
i 5.45 m -------- 2
j 9.37 d
r-•̂6ll 2
k 8.49 d %  = 6.7 2
7 5
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1 8.45 d 3Jim = 6.5 2
m 9.25 d 3J,nl = 6.5 2




P 7.57 m — 2
q 3.70 s(broad) — 32
V 1.36 s . . . 9
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7 6
4.4.6 Synthesis of Compound 40
a b
Same as for compound 37 but in the absence of any crown ether. Yield: (72 %). UV/vis 
(MeCN): W n m  (s/dn^m oF W 1) 341 (8.0 x 105); (Found: C, 50.28; H, 3.72; N, 7.54: 
C46H4i F9N60 9S3 requires C, 50.73; H, 3.79; N, 7.72). HRESI: (calc.) for 
C45H4iN60 6F6S2 [M-OTf]+ m/z 939.2433 found m/z 939.2473. 'H  NMR (500 MHz, d3- 
MeCN):
Proton 8(ppm) Mulitplicity Coupling Constant (Hz) # of Protons
a 8.75 m — 2
b 7.52 ddd 3J b c ~ 3Jba = 7.2 
% d =  1.7
2
c 8.02 ddd 3J c b ~ 3Jcd =  i n  
% a =  1-7
2
d 8.75 m — 2
e 8.90 s — 2
f 8.55 d V/8=6,7 2
g 8.95 d %  = <>.7 2
h 5.27 m -------- 2
i 5.27 m -------- 2
j 9.03 d % =  6.9 2
7 7
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k 8.48 d 3Jkj = 6.9 2
1 8.46 d 3 J lm =  6 .9 2
m 9.01 d 3Jm l=  6.9 2





q 1.36 s — 9
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4.4.7 Synthesis of Complex 41
To a solution of 37 (0.080g, 0.05 mmol) dissolved in 1:1 MeOH/MeCN solution was 
added solid Fe(H2 0 )g[BF4]2 (0.0087g, 0.025mmol) and the mixture was stirred at room 
temperature for 2 h to give a deep blue solution. The solvent was removed and the 
resulting solid was purified by column chromatography (3:l:l-MeOH / 2M NH4CI / 
MeNCh). The fractions containing the product were evaporated under reduced pressure 
and redissolved in H2O. Following salt metathesis with NaOTf and collection by vacuum 
filtration the compound was isolated as a deep blue solid (0.074 g, 83 %). UV/vis 
(MeCN): Xmax/nm ( e / d n r W 'W 1) 277 (13.5 x 104), 328 (2.5 x 104), 604 (2.6 x 104). 
HRESI: (calc.) for C7iH73N602oFi2S4Fe [M-37-OTf]+ m/z 1741.2920 found m/z 
1741.2882. *H NMR (500 MHz, /-M eCN):
a 7.20 d 3Jab=  5.2 2
b 7.19 ddd 3Jba ~  3Jba = 7.0 
4Jbd~ 0
2
c 8.02 ddd 3Jcb « 3 Jed = 6.8 
4Jca=  1-3
2
d 8.87 d II 00 b 2
e 9.22 s — 2
7 9
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f 8.99 d 3Jfg = 6.7 2
g 9.58 d V = 6-7 2
h 5.73 m — 2
i 5.73 m — 2
j 9.42 d 3Jjk =  6.6 2
k 8.24 d % =  6.6 2
1 8.17 d 3 Jim = 6.7 2
m 8.90 d 3Jml ~  6.7 2




P 7.61 d % 0=B.4 2
q 1.35 s — 9
t 6.82 m — 4
u 6.52 m — 4
' and x 4.09-4 .19 m 24
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4.4.8 Synthesis of Complex 42
Same as for complex 41. Yield: (81 %). UV/vis (MeCN): 7.max/nm (e/di/m oC cnf1) 230 
(28.7 x 104), 322 (3.3 x 104), 606 (3.3 x 104) HRESI: (calc.) for C79H77N602oFi2S4Fe [M- 
38-OTf]+ m/z 1841.3233 found m/z 1841.3170. lR  NMR (500 MHz, /-M eCN):
a 7.01 d 3Jab ~  5.5 2
b 7.28 ddd 3J b a ~ 3Jbc=  6.1 
4Jbd~  0.7
2
c 8.03 ddd 3J c b ~ 3Jcd = 7.6
4 Jca — 1.1
2
d 8.60 m — 2
e 8.68 s — 2
f 8.83 d 3Jfg = 6 . 1 2
g 9.53 d %  =  6 J 2
h 5.81 m — 2
i 5.81 m — 2




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 7.71 d 3Jlm = 6.7
m 8.60 m —
n 5.67 s —
0 7.55 d 3Jop= 8.4
P 7.67 d 3Jpo= 8.4
q 1.39 s —
r 6.68 m —
s 7.48 m —
u 7.17 s
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4.4.9 Synthesis of Complex 43
Same as for Compound 41. Yield: (88 %). UV/vis (MeCN): A^ax/nm (e/dm3m or1c m 1) 
278 (19.7 x 104), 348 (2.0 x 104), 603 (1.9 x 104) HRESI: (calc.) for C63H73N602oFi2S4Fe 
[M-39-OTf]+ m/z 1645.2920 found m/z 1645.2844. *H NMR (500 MHz, d5-MeCN):
a 7.28 d II 2
b 7.17 ddd 3Jba ~ 3'he = 6.6 
4Jbd ~ 0
2
c 7.99 ddd 3Jcb ~ 3Jed = 7.6 
4h a -  0
2
d 8.86 d 3Jdc = 8.0 2
e 9.56 s — 2
f 9.21 d %  = 6.4 2
g 9.48 d % f = 6 A 2
h 5.57 m — 2
i 5.57 m — 2
j 9.41 d 3J]k = 6.4 2
k 8.63 d
■̂rvdII 2
1 8.55 d 3hn = 6.4 2
83
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m 9.09 d 3Jmi = 6.4 2
n 5.85 s — 2
o 7.50 d 3Jop = 8.4 2
p 7.58 d 3Jpo= 8.4 2
q 1.34 s — 2
v 3.61 m — 32
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4.4.10 Synthesis of Complex 44
Same as for Compound 41. Yield: (79 %) UV/vis (MeCN): A.max/nm (e/dir^mol^cm1) 279 
(9.3 x 104), 333 (2.8 x 104), 603 (2.4 x 104) HRESI: (calc.) for C47H4iN6Oi2F12S4Fe [M- 
40-OTf]+ m/z 1293.0823 found m/z 1293.0876. lH NMR (500 MHz, d3-MeCN):
a 7.22 d 3 Jab =5.3 2
b 7.13 ddd 3Jba~3Jbc = 6 - 1  
4Jbd= 1.1
2





e 9.46 s — 2
f 9.05 m — 2
g 9.20 d II 2
h 5.42 m — 2
i 5.42 m — 2
j 9.14 d 11 O
s
SO 2
k 8.59 d II o\ 2
1 8.52 d 3 Jim =  6.8 2
m 9.05 m . . . 2
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n 5.84 s — 2
o 7.46 d 3Jop = 8.4 2
P 7.55 d 3Jpn = 8.4 2
q 1.31 s — 2





In chapter 4, the synthesis and characterization of a new class of terpyridine based 
[2]rotaxanes was described. These ligands were chelated to iron(II) centres forming 
homoleptic complexes, which displayed interesting absorbance properties. The study of 
[Ru(terpy)2]2+ based complexes, however, have shown to possess interesting
87 89photochemical, photophysical and electrochemical properties. ' Another advantage of 
the ruthenium(II) based systems is the inherent inertness of the ruthenium(H) centre, 
which allows for the generation of heteroleptic complexes. In this chapter the 
development of heteroleptic ruthenium(II) based [2]rotaxanes, in particular the synthesis 
and characterization will be discussed.
5.2 Discussion and Results
5.2.1 Synthesis of the Ruthenium(II) Complexes
Previously, the synthesis and characterization of a novel class of terpyridine 
stoppered [2]rotaxanes, 37-39, was described (see chapter 4). The reaction of these 
ligands with a RuCE precursor 45 resulted in the formation of several heteroleptic 
complexes. As outlined in Scheme 5.1, the synthesis was carried out in a 1:1 EtOH / H20  
mixture and the reaction mixture refluxed for 1 day. Fortunately, these conditions proved 
to be sufficient for the reduction of the ruthenium(III) metal centre to ruthenium(II). The
87














(22%) f  '
(24%)
(43%)+ /p ~ \ / T ^
/ — N N- (  \ = J  \= J+
N-Ru, N /_J
; />=<r
Scheme 5.1 i) 1:1 EtOH / H20 , reflux, 24 h.
dark red complexes could be easily isolated and purified via column chromatography 
using silica with 3:l:l-MeOH/2M NH^Cl/MeNCb as the eluent, followed by salt 
metathesis with NaOTf producing complexes 46-48 in moderate to low yields. In the case 
of complex 49, 5:4: l-MeCN/tkQ/sat’d KN03 was used as the eluent. The yields for all 
complexes ranged from 22 to 43 %.
88
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5.2 .21H NMR Spectroscopy of the Ruthenium(II) Complexes
The *H NMR spectra of the ruthenium complexes, 46-49, were recorded in d3- 
MeCN as the triflate salt. The numbering scheme can be seen in Figure 5.1. The spectra 




Figure 5.1 The basic numbering scheme used for all NMR spectral data is shown for the terpyridine based 
thread and the three crown ethers used, 24-crown-8 (24C8), dibenzo-24-crown-8 (DB24C8) and 
dinaphthyl-24-crown-8 ether (DN24C8).
Ha.d', attributed to the electronic effects of the ruthenium(II) centre, confirming the 
formation of the complex. For example, Ha, in complex 46, shifts from 8.79 ppm for the 
uncomplexed rotaxane to 7.44 ppm when coordinated to a ruthenium(II) centre. The 
differences between the [2]rotaxane and the corresponding ruthenium(II) complex are 
summarized in Table 5.1. An informative peak that appears for all the compounds is Hf. 
This proton appears as a triplet around 8.50 ppm with a coupling constant of about 8 Hz. 
This proton, which lies on the mirror plane of the complex, integrates to half of most of 
the others, as expected, and again confirms the formation of the desired ruthenium(II) 
complex. The spectra also reveal a nice pattern whereby chemically equivalent peaks 
from the two different terpy groups, that being Ha and Ha' or Hb and Hy etc., were 
different enough that they could be resolved as seen in Figure 5.2 for complex 46. In 
order to determine which set of peaks belonged to which terpyridine unit, conventional
89
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2-D NMR techniques ( ^ H  COSY and ’H^H NOESY) were employed. Figure 5.3 
shows a 'H-'H COSY spectrum for compound 46 in which the aforementioned Hf peak 
has a cross peak with He along the path marked A. In order to jump from one ring to the 
other (He' to Hd) a 'H-^H NOESY (Figure 5.4) was used. As expected, proton He 
displayed a crosspeak with the now labelled Hd1 along path B. Proceeding back to the *H- 
*H COSY, proton Hd' displays three separate crosspeaks corresponding to protons Ha’, Hb- 
and HC’. Proton Ha' was easily assigned based on its multiplicity. Unfortunately, 
assignment of protons Hb- and HC' can not be done in a similar manner. In order to assign 
these peaks a ^ H  long range COSY (’H^H LRCOSY) was used. ‘H-'H LRCOSY 
experiments are used to suppress large J’s (three bond coupling) and emphasize smaller 
J’s (four and five bond coupling). Figure 5.5 shows a close up of the 'H ^H  COSY and 
the ^ ^ H  LRCOSY with Hd' marked on the top. Comparing the
aa’
b b’
5.57.0 6.5 6.08.5 8.0 7.59.09.5
ppm
Figure 5.2 *H NMR spectrum of 46 at 500MHz.
91
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Path A
Figure 5.3 'H-’H COSY NMR spectrum for complex 46.
P a t h  B
Figure 5.4 'H-'H NOESY spectrum for complex 46.
92













Figure 5.5 Comparison of the H- H COSY (left) to the H- H LRCOSY for complex 46.
two spectra, a clear suppression of the peak labelled 3 can be seen, while the crosspeak 
intensities of the protons marked 1 and 2 increase significantly. As a result of the 
suppression, peak 3 was determined to be closest to (three bonds) and labelled Hc\ 
Therefore, peak 2 corresponds to Hb\ The protons of the terpyridine associated with the 
[2]rotaxane were assigned in a similar manner. The remaining protons of the cationic 
thread were assigned using the lH-lH COSY and 'H-1!! NOESY. All the ruthenium(II) 
]H NMR spectra were assigned using an analogous approach.
5.2.3 X-Ray Crystallography of the Ruthenium(II) Complexes
Single crystals of 46 suitable for X-ray diffraction were grown by the diffusion of 
isopropylether into a solution of MeCN containing the complex. Figure 5.6 shows a ball-
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
N 4 0 8 V ^ ;  ‘ 'J3405
/  ^  #  C47» ^  C473




^  0 «
” 4  /*
'  N403'l
Figure 5.6 Ball-and-stick representation of 46. Selected distance (A) and angles (°): Ru(4)-N(401)
1.956(1), Ru(4)-N(402) 2.051(1), Ru(4)-N(403) 2.051(1), Ru(4)-N(404) 2.076(1), Ru(4)-N(405) 1.937(1), 
Ru(4)-N(406) 2.058(2), N(401)-C(405)-C(406) 117.93(1), N(409)-C(448)-C(449) 113.58(1).
and-stick representation of the cationic portion of 46. The [2]rotaxane thread adopts an 
anti conformation at the central NCH2CH2N unit while the DB24C8 bead exhibits a 
typical S-shaped conformation. The rathenium(II) anchored cationic thread 
interpenetrates the central cavity of the bead, enabling 71-stacking interactions between 
the aromatic portions of the bead, and the pyridinium groups of the thread. The 
ruthenium(H) metal centre sits in a distorted octahedral environment as a result of the 
terpyridine bite angles.90 The severity of the bite angles can be measured in two ways; 1) 
the angle between adjacent nitrogen’s of the same terpyridine unit, which is 90 0 in a 
perfect octahedron, and; 2) the angle between the distal nitrogen’s, which is 180 0 in a 
perfect octahedron. Table 5.2 summarizes the bite angles for complex 46, which are in 
good agreement with another [Ru(terpy)2]2+ based complexes. The space filling model in 
Figure 5.7 reveals the expected offset of the aromatic portions from the cationic thread as 
described by the Sanders and Hunter model.82 The ruthenium-nitrogen bond distances
range from the 1.937(1) A for (Ru(4)-N(405)) to 2.058(2) A for (Ru(4)-N(406)).
94
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Figure 5.7 Space filling model of complex 46 showing the offset of the DB24C8 (red) with the cationic
thread (blue).
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Single crystals of 47 were grown by diffusing isopropylether into a MeNCF 
solution of the ruthenium(II) complex with a small amount of NEtsCl. Thick red plates 
appeared after a few days. Figure 5.8 shows a ball and stick representation of the cationic 
portion of complex 47. The structure reveals the expected anti- conformation of the 
central NCH2CH2N portion. The ruthenium(II) anchored cationic thread, once again, 
penetrates the central cavity of the bead and the naphthyl portions of the bead 71-stack 
with the thread. Figure 5.9 shows views of the top and bottom of the complex, as space 
filling models. As expected, the aromatic groups of the bead are slightly offset when re- 
stacking with the thread. These space filling models also reveal an edge to face (or T) 
interaction between proton Hr of the naphthyl aromatic and the aromatic of the tert-butyl 
capping unit with a distance from C (79)...A rcentroid of 3.548 A, as a result of the increase 
length of a naphthyl group as compared to a benzo group. Unlike other structures of this 
type, the naphthyl group closest to the ruthenium(H) centre is bent away from the
C62 ,  C 6 3
C 5 8
C
C 8 9  0 9 0  0 8 0  C 6 1 ,
C 3 1  ,
r  Ru
cs?
Figure 5,8 Ball-and-stick representation of 47. Selected distance (A) and angles (°): Ru(l)-N (l) 2.065(5), 
Ru(l)-N(2) 1.987(5), Ru(l)-N(3) 2.070(5), Ru(l)-N(4) 2.068(5), Ru(l)-N(5) 1.967(5), Ru(l)-N(6) 
2.058(5), N(l)-C(5)-C(6) 115.59(1), N(9)-C(48)-C(49) 111.18(1).
96
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Figure 5.9 Space filling model of complex 47. Colour scheme: DN24C8 (red) and the cationic thread
(blue).
thread, as seen in the side view shown in Figure 5.10 (top). Further investigation of the 
solid state structure shows that the distorted octahedral centre of the ruthenium(II) is 
sufficiently bulky and is situated where the naphthyl fragment would normally tend to lie, 
as judged from related structures. As a result, it is necessary for the naphthyl aromatic to 
take up a position between the two terpyridine units. This can best be seen in Figure 5.10 
(bottom), which shows a view down the thread, where the [Ru(terpy)2]2+ unit appears as a
97
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•fe
\
Figure 5.10 Side view of 47 showing how the naphthyl fragment is bent away from cationic thread (top), 
down the axis view of 47. The [Ru(terpy)2] unit is represented as a cross in the background. A majority of 
the thread has been omitted for clarity (bottom).
cross in the background. In order for the naphthyl fragment to be able to accomplish this, 
there must be a twist in the cationic thread portion. Upon investigation, it was found that 
the dihedral angle C(22)-C(23)-C(31)-C(32) is 25.6 °, whereas in similar compounds, the 
dihedral angle is typically close to zero in order to maximize ti-ti interactions. A twist 
about these aromatic groups rotates the ruthenium(II) centre while leaving the rest of the 
cationic portion unchanged and available for n stacking. The ruthenium-nitrogen bond 
distances vary by only 0.11 A, with the shortest being 1.967(5) A (Ru(l)-N(5)) and the 
longest, 2.070(5) A (Ru(l)-N(3)). In 47, the bite angle of the [2]rotaxane ligand is 158.33 
°, N(4)-Ru(l)-N(6). Table 5.3 summarises the bite angles for complex 47.
98
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5.2.4 IJV/vis Spectroscopy of the Ruthenium(II) Complexes
The UV/vis spectra of ruthenium(H) based complexes bearing heterocyclic 
ligands exhibit characteristic absorption bands.92 The high energy bands between 230-
0 *M
t •* * 
* *














Figure 5.11 Schematic energy level diagram of an octahedral metal complex showing the possible 
transitions.
9 9
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290 nm are generally assigned to ligand centred (LC) based k-k* transitions. While the 
absorption bands located in the visible region result from a spin allowed d-7C* metal to 
ligand charge transfer (MLCT) transition and is responsible for the colour of the 
complexes. The MLCT involves a metal based HOMO (highest occupied molecular 
orbital) and the ligand based LUMO (lowest unoccupied molecular orbital), as depicted 
in Figure 5.I I .93
The UV/vis spectra of compounds 46-49 are dominated by the high energy n-it* 
LC bands located around 270 nm. The MLCT bands for these complexes are found 
around 500 nm, which is red shifted from that of the parent compound [Ru(terpy)2]2+. 
This is due to a stabilization of the 11* orbital caused by the electron withdrawing nature 
of the cationic thread. The extinction coefficient (s) for 46 was found to be 2.5 x 10‘4 















230 330 430 530 630 730
wavelength ( nm )
Figure 5.12 UV/vis spectrum of complex 46 (—)and the parent compound [Ru(terpy)2]2+ (—) at a 
concentration of 1.0x10° M in MeCN as the [OTff salt.
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Table 5.4 UV/vis data for complexes 46-49 and a few other selected ruthenium(II) complexes.
[ R u ^ y U r ^ 287, 244 2 .8  x 104, 8 .8  x 10™ 450 1.5 x l ”
[Ru(terpy)2]2+ 270, 308 4.4 x 104, 7.1 x 104 475 1.7 x 104
[Ru(tolylterpy)2]2+ 284,310 6.3 x 104, 7.0 x 104 490 2.7 x 104
[(terpy)Ru(37)]2+ 243, 306 4.8 x 104, 4.4 x 104 509 2.5 x 104
[(terpy)Ru(38)]2+ 273, 307 9.0 x 104, 4.9 x 104 510 2.6  x 104
[(terpy)Ru(39)]2+ 274, 304 7.3 x 104, 4.1 x 104 506 1.8 x 104
[(terpy)Ru(40)]2+ 274,307 5.7 x 104, 3.7 x 104 505 1.6 x 104
1) UV/vis spectra collected in MeCN
As an example, Figure 5.12 shows the UV/vis of 46 and [Ru(terpy)2]2+ for comparison. 
The Xmax ranged from 505 nm in the absence of bead, 49, to 510 nm for the DN24C8 
based complex, 47. Table 5.4 summarizes the UV/vis data of the 46-49 and other related 
[Ru(terpy)2]2+ based complexes.
5.2.5 Luminescence of the Ruthenium(II) Complexes
The luminescence exhibited by [Ru(terpy)2]2+ in the rigid matrix (77 K) is strong 
and long lived as a result of a 3MLCT state. Conversely, at room temperature 
[Ru(terpy)2]2+ is not luminescent due to the terpyridine bite angle that results in a weak 
ligand field such that a low lying metal centred (MC) state is able quench this 
luminescence. Many approaches to achieve room temperature luminescence have been 
undertaken and most success has come from an incorporation of electron-withdrawing or
101
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-donating substituents in the 4' position. This substituent effect helps stabilize the MLCT
93excited state and results in a red shift of both the absorption and emission bands.
Interestingly, complexes 46-49 display relatively strong room temperature 
luminescence, in comparison to [Ru(ttpy)2]2+ a complex know to luminescence at room 
temperature. This is thought to be a result of two factors. Firstly, the increased planarity 
of the thread caused by the 71-71 stacking with the crown ether and secondly, the electron 
withdrawing nature of the cationic thread. Figure 5.13 shows, for comparison, the 
luminescence spectra of both 46 and [Ru(ttpy)2]2+. The large red shift of the emission 
band may be indicative of an extra process, for example, an electron transfer process 


















900700 750 800 650650600
wavelength (nm)
Figure 5.13 Emission spectra for complex 46 (— ) and [Ru(ttpy)2]2+ (— ) at a concentration of 1.0 x 10"5 
M in MeCN as the [OTf] salt.
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1) Excitation wavelength - 490nm
5.2.6 Mass Spectrometry
High-resolution electrospray ionization was used to further characterize the
complexes. In most cases the 1+ ion [M-OTf]+ could be observed while the 2+ ion [M- 
OTf]2+ was observed in all cases. As an example, the mass spectrum for complex 47 is 
shown in Figure 5.14 for the 1+ ion. The theoretical and raw spectra are in good 
agreement and have a difference of less than 5 ppm.
Figure 5.14 ESI spectrum for complex 47 comparing the raw (bottom) and the theoretical data (top).
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53 Conclusions
The robustness of terpyridine based [2]rotaxanes was demonstrated in this chapter 
as a series of heteroleptic ruthenium(II) complexes were synthesized and characterized. 
Even under the harsh conditions used in the complexation to the ruthenium(II) centre, the 
intergrity of the [2]rotaxane was maintained. The complexes themselves show interesting 
crown dependent UV/vis and luminescence properties. In addition, well defined *H NMR 
spectra make it easy for the assignments of the individual protons. The solid state 
structures proved to be very informative, showing how the naphthyl fragment of the bead 
must adjust towards the octahedral ruthenium(II) centre to compensate for the increased 
length of the fragment.
Future work will involve an in-depth and detailed study of the luminescent 
properties of the ruthenium(II) species. This will necessarily require collaborators with 
photophysical experts with the proper equipment to measure quantum yield and lifetimes. 
This is necessary to understand the processes involved
5.4 Experimental
5.4.1 General Methods: 2,2':6',2"-terpyridine was obtained from Aldrich and used as 
received. RufCljaxEEO was obtained from Strem and used as received. [RuCfifierpy)] 
was synthesized using literature methods.94 Solvents were dried using an Innovative 
Technologies Solvent Purification Systems. Thin layer chromatography (TLC) was done 
on Merck Silica Gel 60 F254 plates and viewed under UV light. Column chromatography 
was performed using Silicycle Ultra Pure Silica Gel (230 - 400 mesh). *H NMR spectra 
were obtained on a Bruker Avance 500 instrument operating at 500.1 MHz (using the
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deuterated solvent as the lock and the residual solvent or tetramethylsilane as the internal 
reference). Conventional 2-D NMR ^H ^H  COSY and NOESY) were used to assign all 
peaks. Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. 
and used as received. High-resolution mass spectra were recorded in 50/50 MeCN/tLO 
on a Micromass LCT Electrospray TOF mass spectrometer. UV/vis absorption spectra 
were run on an Agilent 8453E spectrometer. The absorption spectra were recorded in 
acetonitrile (EM Science OmniSolv® High Purity Solvent) at concentrations of 1.0 x 10"5 
M for complexes 46-49 and all other related ruthenium(II) complexes. Luminescence 
data were collected on a Cary Eclipse Fluorescence Spectrophotometer in acetonitrile 
(EM Science OmniSolv® High Purity Solvent) at concentrations of 1.0 x IQ"5 M for 
complexes 46-49 and RuQtpyMOTfL.
5.4.2 Synthesis of Complex 46
c b
N -R u  K — V  f■o  a  j
N 7 — 0  N~" 
\= J  V = / +  I
To a solution of 37 (0.043 g, 0.027 mmol) dissolved in 1:1 EtOH/TLO solution was added 
solid (terpy)RuCL (0.012 g, 0.027 mmol) and the mixture was brought to reflux for 24 h 
to give a deep red solution. The reaction mixture was cooled to room temperature and 
filtered through a Celite pad washing with EtOH until the eluent was colourless. The
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filtrate was then reduced to half the volume and the addition of NaOTf produced a red 
precipitate. The red solid was purified by column chromatography (3:l:l-MeOH / 2M 
NH4CI / MeN0 2 ). The fractions containing the product were evaporated under reduced 
pressure and redissolved in H2O. Following salt metathesis with NaOTf and collection by 
vacuum filtration the compound was isolated as a red solid (0.017 g, 29 %). UV/vis 
(MeCN): U n m  (e/dnr’m o l 'W 1) 243 (4.8 x 104), 306 (4.5 x 104), 509 (2.5 x 104). 
HRESI: (calc.) for C geH ^N ^oF nS ^u  [M-OTf]+ m/z 2020.3567 found m/z 2020.3636. 
*H NMR (500 MHz, d3-MeCN):
a 7.44 d 3 Jab = 5.7 2
b 7.28 ddd 3Jba ~  3 J  be ~  7.0 
4Jbd~ 0
2
c 8.05 ddd Jcb ~  Jed  =  6.6





e 8.96 s — 2
f 8.74 d %  =  6-7 2
g 9.39 m — 2
h 5.70 m — 2
i 5.70 m — 2
j 9.39 m — 2
k 8.20 d 3Jjk = 6.8 2
1 8.14 d Jim ~ 6.8 2
m 8.98 m 2
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n 5.82 s — 2
0 7.49 d 3Jop = 8.4 2
P 7.60 d
U> 11 00 4̂ 2
q 1.34 s — 9
t 6.77 m — 4
u 6.50 m — 4
v, w and x 4.01-4 .18 m — 24
a’ 7.35 d <3= II bo 2
b’ 7.22 d d d 3Jb'a' ~ 3Jb'c' = 6.2 
% d ' ~ 0
2
c’ 7.97 d d d 3Jc'b' ~ 3dc'd' = 7.6 
4Jc'a'=  1.4
2




e’ 8.81 d 3Jef = 8.2 2
f 8.49 t f~
o
11 00 to 1
Crystal data', for 46: C86.50Hs4d 0.25F13.50N9O25.50RuS4.75, M  — 2180.34, triclinic, space 
group P-l, a = 21.0193(15) A, b = 24.5878(17) A, c = 26.3294(18) A, a = 103.899(2) °, p 
= 104.742(2) °, y =  111.360(2) °, V = 11387.8(14) A3, T  = 173(2) K , Z  =  4 , jU =  0.319 
mm' 1, 61087 independent reflections (Rjnt = 0.0857). R1 = 0.1735, wR2 = 0.4456, (I > 
2<jI), R1 = 0.2337, wR2 = 0.4766, (all data), Goodness-of-fit (Fz) = 1.581.
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5.4.3 Synthesis of Complex 47
=N
N -R ir
Same as for complex 46.Yield: (22 %). UV/vis (MeCN): 7,max/nm (e/dm3m or1cm‘1) 273 
(9.0 x 104), 307 (4.9 x 104), 510 (2.6 x 104). HRESI: (calc.) for C94H88N902oF12S4Ru [M- 
OTf]+ m/z 2120.3880 found m/z 2120.3975. 'H NMR (500 MHz, /-M eCN ):
a 7.24 m — 2
b 7.28 ddd 3J b c ~ 3Jba =7.3 
4J d b =  1.1
2
c 7.99 ddd 3Jcb ~  3Jed  = 8.0 
4J c a =  1-5
2
d 8.54 d 3Jdc = 8.0 2
e 8.51 s — 2
f 8.59 m — 2
g 9.42 m — 2
h 5.75 m — 2
i 5.75 m — 2
j 9.42 m — 2
k 8.23 d %  = 6.7 2
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1 7.70 d 3 Jim = 6.7 2
m 8.70 d 3Jml = 6.7 2








q 1.36 m — 9
r 7.43 m — 4
s 6.65 m — 4
u 7.12 s — 4
w and x 4.16-4.29 m — 24
a' 7.37 d 3J a 'b '=  5.0 2
b' 7.24 m — 2
c' 7.97 ddd 3J c ’b' ~  ^ J c ’d' ~ 8.0
4Jc'a ' =1-5
2
d' 8.59 m — 2
e’ 8.80 d 3Jef = 8.2 2
f 8.47 t
00II 2
Crystal data: for 47: C9 5 H8 8 F1 5N9 O3 3 RUS5 , M  = 2430.11, monoclinic, space group 
P2(l)/n, a = 24.0869(13) A, b = 20.0588(11) A, c = 22.4599(12) A, a = 90.00 °, |3 = 
91.9090(10) °, 7 = 90.00 °, V = 10845.6(10) A3, T = 173(2) K, Z = 4, fi = 0.349 mm4 , 
19091 independent reflections (Rjnt = 0. 0649). R1 = 0. 0884, wR2 = 0. 2374, (I > 2al), 
R1 = 0. 1187, wR2 = 0. 2628, (all data), Goodness-of-fit (F2) = 1.060.
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5.4.4 Synthesis of Complex 48
c b
Same as for complex 41.Yield: (24 %). UV/vis (MeCN): Xmax/nm (s/dm3m or1cm'1) 274 
(7.3 x 104), 304 (4.1 x 104), 506 (1.8 x 104). HRESI: (calc.) for CyyH^NgOnFgSsRu [M- 
20Tf]2+ m/z 887.7034 found m/z 887.7032. ]H NMR (500 MHz, d3-MeCN):
a 7.42 m — 2
b 7.24 ddd 3J b c ~ 3Jba =6.4 
% = 1.1
2
c 7.99 ddd 3J c b ~ 3Jcd  =  7.7
4J c a =  1-2 2
d 8.87 d 3Jdc = 8.0 2
e 9.34 s — 2
f 9.08 m — 2
g 9.40 m — 2
h 5.53 m — 2
i 5.53 m — 2
j 9.40 m — 2
k 8.61 d r-'S1!
rv-j 2
1 8.53 m . . . 2
1 1 0
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m 9.08 m --
n 5.84 s --
0 7.49 d cn00II4
cr>
P 7.57 d 3J Po =  8.3
q 1.33 m —
V 3.60 m —
a' 7.42 m —
b' 7.18 ddd 3Jb'c' ~  ^Jb'a' =7.0 
4J b ' d '=  1.0
c' 7.93 ddd 3J c V  ~  3Jc'd' = 7.0
4J c 'a '=  1-2
d' 8.53 m —
e' 8.80 d 3 Jef = 8.2
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I l l
5.4.5 Synthesis of Complex 49
c b
—N
N - R u . ------ N /—s> f
Same as for complex 41. Column chromatography carried out on silica using 5:4:1- 
MeCN / H2O / sat’d K N O 3 as the eluent. Yield: (43 %). UV/vis (MeCN): 7,max/nm 
(e/dm3m or,cm‘1) 274 (5.7 x 104), 307 (3.7 x 104), 505 (1.7 x 104). HRESI: (calc.) for 
C62H52N9 0 12F1 2S4Ru [M-OTf]+ m/z 1572.1470 found m/z 1572.1466. ]H NMR (500 
MHz, d3-MeCN):
Proton 6 (ppm) Multiplicity Coupling Constant (Hz) # of Protons
a 7.39 m — 2
b 7.21 ddd
3Jbc ~ b̂a — 5.6 
4Jdb = i .i
2




e 9.25 s -------- 2
f 8.75 d II b 2
g 9.11 m — 2
h 5.38 m — 2
i 5.38 m — 2
j 9.11 m — 2
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
k 8.50 m —
1 8.50 m ---
m 9.02 d 3Jml = 6.9
n 5.80 s —
0 7.45 d II oo
P 7.54 d Jpo — 8.4
q 1.37 s —
a' 7.39 m —
b' 7.15 ddd 3J b 'a '~ % c ’ = 5.7
% ’d' = 1.1
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Chapter 6 
A Molecular Level Machine
6.1 Introduction
The development of molecular level machines has been an area of intense 
research over the past decade. Sauvage and Stoddart have shown several examples of 
catenanes and molecular shuttles in which they are able to control the motion of one of 
the components relative to the other. The ability to control this motion between sites 
gives rise to the possibility of a molecular switch, ie., ON/OFF or 0/1.95 One shortcoming 
of using molecular rearrangements to drive such a switch is the timescale required for this 
transformation. For example, photochemically driven shuttles in which the bead has its 
non-covalent interactions interrupted by the formation of a radical, often cannot switch 
sites before the radical decays as the lifetime is short.
The use of the Loeb motif in constructing molecular level machines may avoid 
the timescale problem. It has been previously shown, that the simple [2]rotaxane 50 in 
Figure 6.1, can adopt two different conformational isomers as a result of the 
unsymmetrical bead, benzonaphtho-24-crown-8.96 These isomers can interconvert by a 
flipping mechanism (the mechanism is not known) of the crown ether that moves, for 
example, the naphthyl fragment from one side to the other. The room temperature NMR 
spectrum revealed four separate signals for the two 4,4'-dipyridinium units of the thread 
and five signals for the aromatic portions on the crown ether, indicating that the flipping 
is fast on the NMR timescale. Upon cooling the [2]rotaxane down coalescence was
114




Figure 6.1 A [2]rotaxane capable of two conformational isomer as a result of the asymmetry of the bead, 
BN24C8. Note: in this degenerate model of the flip switch the two isomers are actually the same molecule. 
In all other cases with unsymmetrical threads true isomers will be formed
observed at 228°C and in the slow exchange regime, the 4,4'-dipyridinium units now are 
represented by eight signals, with some overlap, consistent with freezing out of the two 
isomers in a ratio of 1:1. This ratio comes as a consequence of the symmetrical thread 
which makes the two isomers, related by a C2 axis, both chemically and therefore
97 98energetically the same. This is an example of a mutual and equally-populated system.
In order to introduce a population difference into the system both the thread and bead
need to be unsymmetrical. The population is directly related to the stabilities of the
isomers. This is an example of a non-mutual unequally-populated system. Figure 6.2
shows an energy level diagram of the comparison between the two systems. In the case
where the two components are unsymmetrical, one can envision its use as a molecular
machine if the populations can be biased and the flipping can be controlled by some
115
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C 2 rotation
Figure 6.2 Energy level diagram of the symmetric-unsymmetrical mutual equally-populated (left) and 
unsymmetrical-unsymmetrical non-mutual unequally-populated (right) thread-bead systems.
"ON"
—  JT"Q n_ IVI j  —  'umsM -c  j
M = Octahedral metal M = Square planar metal
Figure 6.3 Diagram of a molecular machine in which the flipping is controlled by the geometry at the metal 
centre. In an octahedral arrangement the green aromatic is forced back as a result of an unfavourable steric 
interaction. In the square planar arrangement the green aromatic can reside over the metal centre as a result 
of an additional stabilization.
external stimulus. In this chapter the first ever metal based molecular machine using the 
Loeb motif is presented. Figure 6.3 shows a cartoon depiction of how the flipping of the 
crown ether is to be controlled by the geometry of the metal centre. A series of model 
compounds, using inert metal centres, is investigated and then the system is cycled using 
labile metal centres.
6.2 Results and Discussion
A suitable [2]rotaxane for the construction of a flip-switch molecular machine 
must contain both an unsymmetrical thread and bead. The use of thread 36 accompanied
116
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Figure 6.4 The choice of the unsymmetrical components used in the development of this molecular flip 
switch.
6.2.1 Synthesis of the Unsymmetrical Terpyridine Based Ligand.
Treatment of the bromide salt, 36, with excess BN24C8 in a two phase 
MeNO2/NaOTf{aq) mixture at room temperature resulted in an orange MeNCF layer, 
indicating the formation of the corresponding [2]pseudorotaxane. The mixture was then 
reacted with 4-fert-butylbenzylbromide to produce the desired [2]rotaxane, 51, as shown 
in Scheme 6.1.
6.2.2 *H NMR and lU  VTNMR Spectroscopy of the Terpyridine Based 
Ligand.
The ]H NMR spectrum of compound 51 was taken in dj-MeCN at 500 MHz. The 
basic proton numbering scheme for 51 is shown in Figure 6.5 and will be used throughout 
this chapter. The !H NMR spectrum revealed a signature shift to higher frequency for Hh 
and Hi, as a result of hydrogen bonding to the crown ether bead. The presence of a singlet 
at 5.81 ppm for Hn confirmed that an alkylation had occurred at the terminal nitrogen.
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N-
\ = / +
Scheme 6.1 i) 3 equivalents of BN24C8 in M eN02/[Na]fOTf](aq) at RT for 48 h. Yield: (26 %).
The presence of five separate resonances shifted to lower frequency for Hr, Hs, Ht, Haa 
and Hbb are indicative of ^-stacking between the aromatics of the electron-poor
—N v ^ r V Y  t . _vc w
Figure 6.5 The basic numbering scheme used for all NMR spectral data in this chapter.
pyridinium thread and the electron-rich crown ether bead. In order to investigate the two 
possible conformational isomers of compound 51, low temperature *H NMR ('H 
LTNMR) spectroscopy was employed. Unfortunately, using <i2-DCM as a solvent and
118
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cooling down the [2]rotaxane to -90 °C did not allow the access of the coalescence 
temperature: the flipping of the compound remained fast on the NMR time scale.
6.2.3 Synthesis of a Ruthenium(II) Octahedral Model Complex
The reaction of 51 with an equivalence of [RuCl3(terpy)], 45, in 1:1 EtOH/HiO 




Scheme 6.2 1:1 EtOH / H20 , 24 h. Yield: (21 %)
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6.2.4 1H NMR and XH VTNMR Spectroscopy of the Ruthenium(II)
Octahedral Model Complex.
The 'H NMR spectrum of complex 52 was taken in J 5-MeCN at 500 MHz. The 
expected upfield shifts of protons Ha.d and Ha’-d’, attributed to the electronic effects of the 
ruthenium(II) centre, were observed. The appearance of a triplet at 8.48 ppm for Hf with 
exactly half the intensity of the other peaks confirmed the formation of 52.
In Chapter 5, the X-ray structure of 47 was presented. It revealed that the naphthyl 
portion of the crown ether closest to the ruthenium(II) centre had to bend up slightly, 
away from the thread, due to an unfavourable steric interaction with the [Ru(terpy)2]2+ 
portion. The other naphthyl portion, however remains n-n stacked with the 4,4'- 
dipyridinium unit of the thread. It was speculated that in complex 52, when given the 
choice the naphthyl group, would prefer to sit over the 4,4'-pyridinium site (site 2) while 
the benzo portion would take up the site adjacent the ruthenium(II) centre (site 1) as
site 2 site 1
[OTf]5
2+
kN — Ru— N
Figure 6.6 11 The expected major conformational isomer of 52 showing the possible sites (site 1 
(turquoise)) and site 2 (green)) for the naphthyl fragment (red).
illustrated in Figure 6 .6 . Again, VTNMR spectroscopy, in the low temperature regime, 
was used in order to freeze out the conformational isomers. We focused our attention on 
Hr of the naphthyl group. Proton Hr, will either be n-n stacked over site 2 or bent up and
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m ajor
minor
rr|,TT,^,rrT,rT.pT̂  ... ,,'i.y.py ■) 1, | | | | ) ) | | | | ] | | |"'| H'T',"'P TH
6.84 6.80 6.76 6.72 6.68 6.64 6.60 6.56 6.52 6.48 6.44 6.40 6.36 6.32 6.28
ppm
Figure 6.7 ‘H NMR of 52 at a) 273 K and b) 183 K.
away from the thread in site 1. Hence, it should provide a good measure of the actual 
position of the naphthyl group. In order to monitor the flipping motion, VTNMR 
experiments were carried out in d2-DCM. Coalescence of Hr was observed at -233 K. 
The signal in the fast exchange regime appeared as a multiplet while in the slow 
exchange regime (< 233 K), it appears as two broad signals as shown in Figure 6.7. As 
discussed earlier, the use of a thread and bead that are both unsymmetrical will lead to a 
population difference that is dependent on the relative stabilities of the two isomers. 
Integration of the two signals, at 193 K, shows a ratio of 80:20 indicating that the 
naphthyl unit spends 80 % of it's time over the 4,4'-dipyridinium, (site 2) and only 20 % 
towards the ruthenium(II) centre (site 1), as illustrated in Figure 6 .8 . The distinct
121
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> - n. / 2+ ,
N—Ru-—-N
tO Tfls ' * = ' / * -
/J
MAJOR (80 %)
> = N  /  )  x * /2+ ^
«, M—Ru— N MINOR (20 %)
Figure 6.8 The major and minor conformational isomers of 52.
preference for the major isomer is undoubtedly due the unfavourable steric interactions of 
the naphthyl aromatic group with the ruthenium(II) centre in the minor isomer. In order 
to confirm that the above two signals were actually the two sites associated with Hr in 
complex 52, complex 47 which contains a DN24C8 bead was studied. Figure 6.9 shows a 
1H NMR spectral comparison of the proton Hr in complexes 52 and 47 in the slow 
exchange regime. The overlap of the signals confirms that the two sites found in complex 
47 coincide with the two possible positions of Hr in 52.
In order to extract the rates and activation energy for the process the spectra were 
simulated using gNMR-5." For convenience, the tert-butyl group at the end of the thread,
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proton Hq, was used. The presence of two peaks at 193 K with an 80:20 ratio in the slow 
exchange regime confirmed that Hq was also sensitive to the position of the benzo and the 
naphthyl fragments. The rates determined at different temperatures were substituted into
the Arrhenius equation. An Arrhenius plot of ln(k) vs. 1/T yielded a straight line from
100which an activation energy of 42.9 kJ/mol was determined.
I’major
minor
6.84 6.80 6.76 6.72 6.68 6.64 6.60 6.56 6.52 6.48 6.44 6.40 6.36 6.32 6.28
ppm
Figure 6.9 *H NMR focused on Hr of a) 52 and b) 47 at 193 K for comparison.
6.2.5 X-Ray Crystallography of the Ruthenium(II) Octahedral Model 
Complex
Single crystals of 52 were grown by diffusing isopropylether into a MeNC^ solution of 
the ruthenium(II) complex. Within a few days, red plates appeared. Figure 6.10 shows a
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ball and stick representation of the cationic portion of complex 52. The structure reveals 
the expected characteristics including the S-conformation of the BN24C8 cyclic ether. 
Not surprisingly, the complex assumes the lowest possible energy isomer, with the 
naphthyl fragment opting to n stack with the 4,4'-dipyridinium unit while avoiding 
unfavourable steric interactions with the [Ru(terpy)2]2+ unit. As a result, the benzo 
fragment n stacks with the terpyridine unit of the thread. The distorted octahedral 
arrangement of the ruthenium(II) centre has bond lengths ranging from 1.980(11) for 
Ru(l)-N(102) to 2.073(13) for Ru(l)-N(106).
Figure 6.10 Ball-and-stick representation of 52. Selected distances (A) and angles (°): Ru(4)-N(101) 
2.070(12), Ru(4)-N(102) 1.980(11), Ru(4)-N(103) 2.045(12), Ru(4)-N(104) 2.061(13), Ru(4)-N(105) 
1.987(10), Ru(4)-N(106) 2.073(13), N(102)-Ru(l)-C(105) 174.27(54), N(102)-Ru(l)-N(103) 78.64 (56).
6.2.6 Synthesis of a Platinum(II) Square Planar Model Complex
The reaction of 51 with fraras,-PtMeCl(SMe2)2, pre-treated with AgOTf, in MeOH 
at 50 °C, lead to the formation of the desired unsymmetrical platinum(II) complex, 53, as 
outlined in Scheme 6.3.101
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— N
N—Pt-Me• f t  \  \ f j ~
N 7 — 0  N- 
\ = /  \ = / +
Me
Scheme 6.3 i) 1.0 equivalent AgOTf, MeOH, 50 °C, 24 h.
6.2.7 1H NMR and 1H VTNMR Spectroscopy of the Platinum (II) Square 
Planar Model Complex.
The !H NMR spectrum of complex 53 was taken in </-DCM at 500 MHz. The 
upfield shift of Ha, Hb and Hc as compared to 51 in the same solvent confirmed the 
complexation of the [2 ]rotaxane to the platinum(H) centre.
Again, VTNMR spectroscopy, in the low temperature regime, was used so as to 
freeze out the conformational isomers. Again, proton Hr was chosen for analysis. It will
125
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Figure 6.11 The expected major conformational isomer of 53 showing the possible sites (site 1 (turquoise)) 
and site 2 (green)) for the naphthyl fragment (red).
major
minor
6.85 6.80 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 6.35 6.30
ppm
Figure 6.12 *H NMR of 53 at a) 273 K and b) 183 K.
either be n stacked over the 4,4'-dipyridinium unit (site 2) or n stacked over the
platinum(H) terpyridine unit (site 1) and should again be a good measure of the position
of the naphthyl group as shown in Figure 6.11. The 1H-VTNMR experiment was carried
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out in d2-DCM and coalescence of H r was observed at -233 K. The signal for Hr in the
fast exchange regime appeared as a multiplet while, in the slow exchange regime (< 233 
K), it appeared as two broad peaks as shown in Figure 6.12. Integration of the two signals 
at 193 K gave a ratio of 60:40 indicating that the naphthyl unit spends 60 % of its time 
over the platinum(II) terpyridine unit, site 1, and only 40 % over the 4,4'-dipyridinium, 
site 2, as illustrated in Figure 6.13. The major isomer is undoubtedly due to favourable 
interactions of the naphthyl aromatic ring with the platinum(II) centre. This presumably 
includes increased n stacking, due to the greater planarity of the terpyridine unit, and a 
possible cation- n interaction, all of which will help to stabilize the isomer.
■N— *r -C H 3 MAJOR (60 %)
V +
N— Pt“ CH3 MINOR (40 %)
Figure 6.13 The major and minor conformational isomers of 53.
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As previously described, the rates and activation energy were extracted from the 
simulated spectra using the tert-butyl group at the end of the thread, proton Hq, as a 
probe. The presence of two peaks at 193 K with a 60:40 ratio in the slow exchange 
regime confirmed that Hq was sensitive to the positions of the benzo and the naphthyl 
fragments in 53. The rates determined at different temperatures were substituted into the 
Arrhenius equation. The Arrhenius plot of ln(k) vs. 1/T yielded a straight line from which 
an activation energy of 34.6 kJ/mol was determined.
6.2.8 X-Ray Crystallography of the Platinum(II) Square Planar Model 
Complex
Single crystals suitable for X-ray crystallography were grown by slow 
evaporation of a CHCI3 solution containing 53. The complex crystallized as dark yellow 
blocks in the monoclinic space group P2j/n. Figure 6.14 shows a ball-and-stick 
representation of the cationic portion of 53. As expected, the thread adopts an anti
C48C49 0 8 , . -
C3 C4 %  £
y - - .  01 -  ' v _ » .-■  j®  C34
- N3 . 03 ^**04
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Figure 6.14 Ball-and-stick representation of 53. Selected distances ( A )  and angles (°): Pt(l)-N(l) 2.018(6), 
Pt(l)-N(2) 2.001(9), Pt(l)-N(3) 2.041(9), Pt(l)-C(l) 2.065(10), N(l)-Pt(l)-N(2) 81.2(3), N(2)-Pt(l)-C(l) 
179.2(4).
128
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
conformation at the central NCH2CH2N unit while the BN24C8 wheel exhibits a typical 
S-shaped conformation. Not surprisingly, in the solid state, the structure observed is that 
of the lowee energy isomer with the naphthyl fragment opting to n stack with the 
platinum(II) unit, while the benzo fragment of the cyclic ether n stacks over the 4,4'- 
dipyridinium unit of the thread. The platinum(II)-nitrogen bond lengths range from 
2.001(9) A for Pt(l)-N(2) to 2.041(9) A for Pt(l)-N(3). The Pt(l)-C(l) distance is 
2.065(10) A.
6.2.9 The Molecular Machine
Initial studies of these model ruthenium(II) and platinum(II) complexes lead to 
the design of a functioning flip switch using the [2]rotaxane, 51. The octahedral and 
square planar coordination geometries have the desired features required for driving an 
ON/OFF switch based on the position of the naphthyl fragment. The proposed cycle is 
shown in Figure 6.15. The cycle begins in a resting state, the [2]rotaxane 50, and can be 
turned "ON" upon the addition of a silver(I) salt. In this state, the naphthyl fragment takes 
up a position over the silver(I) centre, analogous to the platinum(II) model complex. The 
labile silver(I) square planar ion can be easily displaced by the addition of an iron(II) salt 
based solely on the thermodynamic stability of the [Fe(terpy)2]2+ unit. The iron(II) 
complex now bears an octahedral arrangement about the metal centre causing the 
naphthyl to flip to the "OFF" position over the 4,4'-dipyridinium unit, analogous to the 
ruthenium(II) model complex. Finally, the system can be returned to the initial resting 
state upon removal of the iron(II) ions by complexation to cyclam,
129
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Figure 6.15 The proposed cycle of the molecular machine capable of switching between an "ON" and 
"OFF" state.
once again based on thermodynamic stability. The process can now be started over again. 
Is the cycle practical or even possible? Fortunately, the various species, mainly the 
silver® and iron(II) complexes, can be synthesized and studied independent of the cycle, 
in order to answer this question.
6.2.10 Synthesis and *H NMR Spectroscopy of the Silver(I) and the Iron(II) 
Complexes Relevant to the Molecular Machine
The synthesis of silver® complex 54, and the iron(II) complex 55, is shown in 
Scheme 6.4.102 The 'H NMR spectrum of 54 was taken in d2-DCM at 500 MHz. The 
spectrum shows the expected upfield shift of the protons Ha, Hb and Hc from that of the
130
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[2]rotaxane 51 in the same solvent, upon complexation to the silver® centre. The proton 
He appears as an easily distinguishable singlet at 8.32 ppm upfield from that of the free 
[2 ]rotaxane at 8.71 ppm as a result of increased it stacking of the naphthyl fragment.
The 'H  NMR spectrum of the iron(II) complex 55 was, also, taken in d2-DCM at 
500 MHz. The spectrum revealed chemical shifts trends similar to those determined in 
Chapter 4. Interestingly, proton He now appears at 9.25 ppm downfield from that of the 
free [2]rotaxane. This is due to the lack of n stacking of the naphthyl fragment which now 
spends the majority of it’s time over the 4,4'-dipyridinium unit, while the benzo fragment 
is not long enough to n stack over the proton He.
fnsC N-X=/+
V=n




Scheme 6.4 i) 0.5 equivalents of solid Fe(H20 )6[BF4]2, RT, 2 h, Yield: (83 %). ii) 1.2 equivalents of 
AgOTf, RT, 1 h, Yield: (93 %).
A significant feature of this system is the population bias shown by the model 
complexes. In order to test whether 54 and 55 display a similar bias, the JH NMR 
spectrum for each was recorded in J2-DCM at 193 K, the low temperature regime as
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judged by the model complexes. For simplicity, proton Hq, the tert-butyl group, was 
chosen due to its ability to distinguish the naphthyl fragment from the benzo fragment as 
shown in the model complexes. The spectra for complexes 54 and 55, focused on Hq, at 
193 K are shown in Figure 6.16. Surprisingly, the silver(I) complex 54 is even more 
biased then the platinum(H) model complex 53, in a ratio of 65:35 favouring the naphthyl 
over the silver(I) metal centre at 193 K. The iron(II) complex 55 shows a ratio of 80:20, 
comparable to that of the model ruthenium(H) complex 52 at 193 K.
T H 'T H  'I rn in 'T T T T T T T T T 'n  I I I T“H  r'HTT'1 fTTTTTTTTTT,rn*T*i- r rT ,1T T T T r^T ^n T ^* ^* |1̂ ^ ^ ^
1.34 1.32 1.30 1.28 1.26 1.24 1.22 1.20 1.18 1.16 1.34 1.32 1.30 1.28 1.26 1.24 1.22 1.20 1.18 1.16
p p m  p p m
Figure 6.16 :H NMR focused on Hq for both a) 55 and b) 54 at 193 K.
6.2.11 Putting the Molecular Machine in Motion
The molecular machine using [2]rotaxane 51 can be cycled using the methods 
discussed above. In order to monitor the system for flip switching, NMR spectroscopy 
was chosen. While either proton Hq or Hr in the low temperature regime would suffice, 
proton He is sensitive to the presence or absence of the naphthyl fragment at room 
temperature based on its chemical shift, so this resonance was chosen to monitor 
switching between the "ON' and "OFF" states. While there is expected to be a population
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increase of the minor isomer at room temperature, as describe by Boltzmann, the 
difference was judged to be negligible. The details of the experiment are outlined in the
Start -  Resting




7 8  7.6
“T"
7.4 ~6.S 6.6 T6.4 “ F6.29.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.2 7.0
ppm
Figure 6.17 *H NMR of the molecular machine in all states a) resting, b) ON, c) OFF and d) reset
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experimental section at the end of this chapter. Figure 6.17 shows the JH NMR spectra 
for all the species in the machine cycle. Upon the addition of a silver(I) salt producing the 
"ON" position with the naphthyl group now located over the silver(I) centre, proton H e 
can be seen to shift upfield by 0.4 ppm, from that of the resting state. Addition of an 
iron(II) salt displaces the silver(I) and as a result, the naphthyl fragment is flipped to the 
"OFF" position as seen by the downfield shift of He by almost 1 ppm. Up to this point, all 
of the reactions were run in one NMR tube, however, returning to the resting state proved 
to be more problematic than expected. The use of the tetradentate macrocycle, cyclam, 
lead to removal of the iron(II) ions as seen by the disappearance of the characteristic dark 
blue colour and the formation of an orange colour, indicative of the 51. Unfortunately, at 
this point the ^  NMR spectrum became very broad as a result of a solid that formed in
-y,
the tube, later identified as [Fe(cyclam)] . The solution was precipitated using 
isopropylether and the solid was collected. The products were separated based on 
solubility. Some of the products identified by !H NMR spectroscopy included 4’-(4"'- 
pyridyl)-2,2':6',2"-terpyridine and free dinaphtho-24-crown-8. Thus indicating that the 
[2]rotaxane had decomposed, likely due to the presence of the cyclam, a Lewis base. 
Such bases are known to attack the N+ of the pyridiniums destroying the [2]rotaxane. A 
small quantity of 51, approximately 10 %, could be isolated thus proving the cycle could 
be reset, albeit not very efficiently.
63 Conclusions
A molecular level machine capable of switching between two states as a result of 
changes in metal centre geometries was described. The initial study of the model
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ruthenium(II) and platinum(II) complexes proved to be crucial for understanding the 
system. The cycling of the molecular machine proceeded smoothly until decomplexation 
of the iron(II) species. However, the molecular level switch could be reset. Further 
investigation for a softer approach of decomplexation of the iron(II) species is currently 
in progress. Future designs of molecular machine involving similar rotaxanes should 
focus on complex stability, increased biased between the full "ON" and "OFF" positions 
and raising the activation barrier to allow operation near room temperature.
It should be noted that unlike molecular shuttles that have been studied for years 
and has attained "ON'V'OFF" capabilities, the molecular machine described herein is a 
completely new type. However, proof of principle has been demonstrated.
6.4 Experimental
6.4.1 General Methods: Chemicals were obtained from Aldrich and used as received. 
Most solvents were dried using Innovative Technologies Solvent Purification Systems. 
benzonaphtho-24-crown-885'86 and trans-PtMeCl(SMe2)2 103 were synthesized using 
literature methods. Thin layer chromatography (TLC) were preformed on Merck Silica 
gel 60 F254 plates and viewed under UV light. Column chromatography was performed 
using Silicycle Ultra Pure Silica Gel (230 - 400 mesh). *H NMR spectra were obtained on 
a Bruker Avance 500 instrument operating at 500.1 MHz (using the deuterated solvent as 
the lock and the residual solvent or tetramethylsilane as the internal reference). 
Conventional 2-D NMR ^H-'H  COSY and NOESY) were used to assign all peaks. 
Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. and used 
as received. Simulated spectra were obtained using gNMR 5. High-resolution mass
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spectra were recorded in 1:1 MeCN/HiO on a Micromass LCT Electrospray TOF mass 
spectrometer. UV/vis absorption spectra were run on an Agilent 8453E spectrometer. The 
absorption spectra were recorded in acetonitrile (EM Science OmniSolv® High Purity 
Solvent) at concentrations of 2.0 x 10‘3 M for compound 51, 1.3 x 10"4 for 53 and 1.0 x 
105 M for complexes 52 and 55.
6.4.2 Synthesis of Compound 51
r
To a solution of MeNCE layered with an aqueous solution of NaOTf was added 36 (0.100 
g, 0.150 mmol) and benzonaphthyl-24-crown-8 ether (0.224 g, 0.450 mmol). The 
resulting pseudorotaxane was observed in the MeNCE layer and stirred for a further 10 
min to allow equilibrium to be reached. To this mixture, was added A-tert- 
butylbenzylbromide (0.041 g, 0.18 mmol) and stirring continued for 48 h at room 
temperature. Subsequently, the MeNCT layer was removed and washed with 3 portions of 
H2O, dried and concentrated to 10 mL. The addition of 50 mL of diethylether induced 
precipitation of the triflate salt which was collected by vacuum filtration as an orange
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solid (0.054 g, 26 %). UY/vis (MeCN): W n m  (e/dm3m o r W  *) 233 (1.9 x 104), 336 
(5.1 x 103), 400 (1.2 x 103). HRESI: (calc.) for C73H75N6O14F6S2 [M-OTf]+ m/z 
1437.4687 found m/z 1437.4712. ]H NMR (500 MHz, /-M eCN):
a 8.80 d X  = 4.2 2
b 7.54 ddd X  = X  = 5.0
4J c a =  1-4 2
c 8.04 ddd X ~ X  = 7.7
4 Jca = 1-4 2
d 8.72 d 3Jdc = 7.9 2
e 8.62 s — 2
f 7.77 d % = 6 1 2
g 9.25 d \ = 6 . 1 2
h 5.62 s -- 2
i 5.62 s -- 2
j 9.33 d 3Jjk =  6.8 2
k 8.33 d 3Jkj = 6.8 2
1 8.13 d 3 Jim = 6.7 2
m 8.68 d X  = 6.7 2
n 5.68 s — 2
0 7.50 d X  = 8.4 2
P 7.64 d X  = 8.4 2
q 1.37 s — 9
r 6.72 m __ 2
137
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t 6.98 m — 2
s 7.26 m — 2
u - z 4.03 - 4.30 m — 24
aa 6.67 m — 2
bb 6.45 m — 2
6.4 3 Synthesis of Complex 52
N -R u . N / _ V  f
'  / V N - O 'j. § X  j t i
To a solution of 51 (0.180 g, 1.100 mmol) dissolved in 30 ml of a 1:1 EtOH/TEO mixture 
was added solid (terpy)RuCl3 (0.121 g, 2.750 mmol) and the mixture was brought to 
reflux for 12 h to give a deep red solution. The reaction mixture was cooled to room 
temperature and filtered through a celite pad washing with EtOH until the eluent was 
colourless. The filtrate was then reduced to half the volume and the addition of NaOTf 
produced a red precipitate. The red solid was purified by column chromatography (3:1:1- 
MeOH / 2M NH4C1 / MeNCB). The fractions containing the product were evaporated
138
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
under reduced pressure and redissolved in H2O. Following salt metathesis with NaOTf 
and collection by vacuum filtration the compound was isolated as a red solid (0.052 g, 21 
%). UV/vis (MeCN): U n m  (c /d m V o fW 1) 273 (8.9 x 104), 306 (5.3 x 104), 509 (2.4 
x 104). HRESI: (calc.) for C86H84N90 2 oFi2S4Ru [M-OTf]+ m/z 2020.3567 found m/z 
2020.3636. *H NMR (500 MHz, t^-MeCN):
a 7.40 m — 2
b 7.25 m — 2





e 8.83 s — 2
f 8.75 m — 2
g 9.41 m — 2
h 5.73 m — 2
i 5.73 m — 2
j 9.41 m — 2
k 8.19 d 3Jjk = 6.7 2
1 7.83 d 3 Jim = 6.7 2
m 8.75 m — 2
n 5.71 s — 2
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q 1.37 s — 9
r 6.73 m — 2
s 7.40 m — 3
t 7.11 s — 2
u - z 4.06 -  4.33 m — 24
aa 6.77 m — 2
bb 6.47 m — 2
a' 7.30 d 3Ja’b' = 5.3 2
b' 7.25 m — 2
c' 8.01 ddd 3Jc'b' ~ Ĵc'd' = 7.8
% a ’=  1-2
2
d' 8.71 d 3Jd-c = 6-8 2
e' 8.79 d 3 Je'f  =8.1 2
f 8.48 t
00IIAS' 1
Crystal data: for 52: CigoH 172CI2F24N18052Ru2S8, M = 4404.88, triclinic, space group P- 
1, a = 21.236(4) A, b = 22.320(4) A, c = 27.051(5) A, a = 105.786(3) °, (3 = 95.207(4) °, 
y = 112.832(3) °, V = 11090(3) A3, T = 173(2) K, Z = 2, ju = 0.331 nun'1, 23097 
independent reflections (Rint = 0.1095). R1 = 0.1260, wR2 = 0. 3277, (I > 2gI), R1 = 0. 
2152, wR2 = 0.3862, (all data), Goodness-of-fit (F2) = 1.199.
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6.4.4 Synthesis of Complex 53
= N
m l  k J I
■ (* >s t
N N—f
\ — /  X — / +  »
c bM
To a solution of AgOTf (0.017 g, 0.070 mmol) in 10 ml of MeOH was added trans- 
PtMeCl(SMe2)2 (0.025 g, 0.070 mmol) predissolved in 5 ml of MeOH dropwise over 5 
min. The resulting solution was stirred at room temperature for 1 h. At this time, 51 
(0.109 g, 0.070 mmol) was added neat and the solution was heat to 50 °C for 24 h. The 
solution was cooled and filtered through celite to remove the AgCl(s). The filtrate was 
evaporated and redissolved in ~2 ml of CHCI3. Upon standing at room temperature a 
precipitate formed and was collected by vacuum filtration as an orange solid (0.039 g, 29 
%). UV/vis (MeCN): U n m  (e/dm3m o r W )  337 (6.5 x 103), 337 (2.7 x 103). HRESI: 
(calc.) for C74H77N60 }4F6S2Pt [M-2QTf]2+ m/z 823.7269 found m/z 823.7272. lH NMR 
(500 MHz, tf-DCM):
a 8.89 d 3 Jab = 5.4 2
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c 8.41 ddd 3J cb~ 3J cd = l.%  
4J c a =  1.3
2
d 8.96 d 3Jdc = 8.0 2
e 8.83 s — 2
f 8.73 m — 2
g 9.53 d 3Jgf= 6-7 2
h 5.84 m — 2
i 5.84 m — 2
j 9.38 d 3Jjk =  6 J 2
k 9.03 d II 2
1 8.55 d 3 Jim = 6.7 2
m 8.73 m — 2
n 5.66 s — 2
0 7.44 d ,s II 00 If*. 2
P 7.61 d
00IIC; 2
q 1.36 s — 9
r 6.69 m — 2
s 7.27 m — 2
t 7.10 s — 2
u - z 4.04 -  4.45 m — 24
aa 6.77 m — 2
bb 6.33 m — 2
a' 1.34 s 2Ja'Pt -  62 3
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Crystal data: for 53: CvgHgoCyFnNgC^PtS^ M = 2249.51, monoclinic, space group 
P2(l)/n, a = 16.961(2) A ,b =  13.0665(18) A, c = 41.690(6) A, a = 90.00 °, (3 = 93.631(3) 
°,y  = 90.00 °, V = 9221(2) A3, T = 223(2) K, Z = 4, ju = 1.885 mm4 , 16225 independent 
reflections (Rint = 0.0644). R1 = 0.0890, wR2 = 0.2303, (I > 2al), R1 = 0.1107, wR2 = 
0.2442, (all data), Goodness-of-fit (F2) = 1.136.
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6.4.5 Synthesis of Complex 54
To a solution of 51 (0.050 g, 0.030 mmol) dissolved in 5 ml MeCN was added a 1.2 
equivalence of AgOTf (0.009 g, 0.037 mmol) and the mixture was stirred at room 
temperature for 1 h to give a dark orange solution. The desired complex was precipitated 
from solution by the addition of isopropylther and collection by vacuum filtration as a 
dark orange solid (0.053 g, 93 %). *H NMR (500 MHz, J 2-DCM):
a 8.05 d 3J ab=  4.6 2
b 7.37 ddd 3h a  ~  3h a  = 6.0  
% d ~  1.0
2
c 8.14 m — 2
d 8.64 d II 00 b 2
e 8.32 s — 2
f 8.49 d II as JS- 2
g 9.44 m — 2
h 5.81 m _____ 2
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i 5.81 m
j 9.44 m
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To a solution of 51 (0.080g, 0.05 mmol) dissolved in 10 ml 1:1 MeOH/MeCN solution 
was added solid F e ^ O M B F ^  (0.0087g, 0.025mmol) and the mixture was stirred at 
room temperature for 2 h to give a deep blue solution. The solvent was removed and the 
resulting solid was purified by column chromatography (3:l:l-MeOH / 2M N H 4 CI /  
MeNC>2). The fractions containing the product were evaporated under reduced pressure 
and redissolved in H2O. Following salt metathesis with NaOTf and collection by vacuum 
filtration, the compound was isolated as a deep blue solid (0.074 g, 83 %). UV/vis 
(MeCN): U n m  (e /d n /m o l'W 1) 286 (1.4 x 104), 325 (3.5 x 104), 605 (4.0 x IQ4). lU 
NMR (500 MHz, /-M eCN):
a 7.13 m — 2
b 7.25 ddd 3J ba~ 3Jba=  6.3
% - i . o
2
c 8.01 ddd 3J c b ~ 3Jcd=  7.1 
4Jca=  1-3
2
d 8.78 d II oo b 2
e 9.06 s — 2
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f 8.91 d % =  6.5 2
g 9.50 d % =  6.5 2
h 5.77 m --- 2
i 5.77 m --- 2
j 9.42 d 3Jjk-  6.6 2
k 8.19 d % =  6.6 2
1 7.84 d 3 II 05 <1 2
m 8.72 d 3Jml = 6.7 2
n 5.71 s — 2
0 7.51 d
00I!4 2
P 7.64 d 3Jpo = 8.4 2
q 1.37 s — 9
r 6.72 m — 2
s 7.43 m — 2
t 7.13 m — 2
l - z 4.08 - 4.30 m — 24
6.82 m — 2
bb 6.50 m . . . 2
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6.4.7 General Procedure for the Cycling of the Molecular Machine
To an NMR tube containing 51 (0.025 g, 0.015 mmol) was added an appropriate 
volume of d2-DCM. The room temperature 'H NMR spectrum was then obtained and 
taken as the resting state. To this solution was added a slight excess of Ag[OTf] (0.005 g,
0.018 mmol) to ensure complete complexation. The room temperature 'H NMR spectrum 
was then obtained and taken as the "ON" state. To this was added a half equivalence of 
[Fe(H2 0 )6][BF4]2 (0.003 g, 0.008 mmol). Formation of the homoleptic iron(II) complex 
was complete after 30 min. The room temperature *13 NMR spectrum was then obtained 
and taken as the "OFF" state. The addition of cyclam (0.003 g, 0.016 mmol) lead to the 
decomplexation of the iron(II) complex and the formation of a variety of side products 
including those associated with the destruction of the [2]rotaxane. As a result only 10 % 
of the original quantity of 51 could be isolated. The room temperature ’H NMR spectrum 
was then obtained and taken as a return to the resting state.
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